





HIGGS SSB AND 
STANDARD MODEL 





: 

| 
J 

‘ 


l A Ee ESOS O E A e 


a AEE E PS ES SPA T 
Ohh, A E A AAAA AR 

i E A E a A en ge ET EA ag) 
EE SN a N 


CP RC, ALP ANN FAA ae. ee : "D 





VOLUME 13, NUMBER 9 


*Work supported in part by the U. S. Atomic Energy 
Commission and in part by the Graduate School from 
funds supplied by the Wisconsin Alumni Research 
Foundation. 

IR, Feynman and M. Gell-Mann, Phys. Rev. 109, 
13 (1958). 

?T. D. Lee and C. N. Yang, Phys. Rev. 119, 1410 
(1960); S. B. Treiman, Nuovo Cimento 15, 916 (1960). 
3S. Okubo and R. E. Marshak, Nuovo Cimento 28, 

56 (1963); Y. Ne’eman, Nuovo Cimento 27, 922 (1963). 
‘Estimates of the rate for K*— 1* +e++e7 due to in- 
duced neutral currents have been calculated by several 
authors. For a list of previous references see Mirza A. 

Baqi Bég, Phys. Rev. 132, 426 (1963). 
5M. Baker and S. Glashow, Nuovo Cimento 25, 857 


PHYSICAL REVIEW LETTERS 


31 AuGusT 1964 


(1962). They predict a branching ratio for decay mode 
(1) of 107$. 

êN. P. Samios, Phys. Rev. 121, 275 (1961). 

TThe best previously reported estimate comes from 
the limit on K,°—p*+uy7. The 90% confidence level is 
eux <103 lguvl?: M. Barton, K. Lande, L. M. Leder- 
man, and William Chinowsky, Ann. Phys. (N.Y.) 5, 
156 (1958). The absence of the decay mode pt—et+et 
+e is not a good test for the existence of neutral cur- 
rents since this decay mode may be absolutely forbid- 
den by conservation of muon number: G. Feinberg 
and L. M. Lederman, Ann. Rev. Nucl. Sci. 13, 465 
(1963). 

8S, N. Biswas and S. K. Bose, Phys. Rev. Letters 
12, 176 (1964). 


BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* 


F. Englert and R. Brout 
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium 
(Received 26 June 1964) 


It is of interest to inquire whether gauge 
vector mesons acquire mass through interac- 
tion'; by a gauge vector meson we mean a 
Yang-Mills field? associated with the extension 
of a Lie group from global to local symmetry. 
The importance of this problem resides in the 
possibility that strong-interaction physics orig- 
inates from massive gauge fields related to a 
system of conserved currents.® In this note, 
we shall show that in certain cases vector 
mesons do indeed acquire mass when the vac- 
uum is degenerate with respect to a compact 
Lie group. 

Theories with degenerate vacuum (broken 
symmetry) have been the subject of intensive 
study since their inception by Nambu.*~® A 
characteristic feature of such theories is the 
possible existence of zero-mass bosons which 
tend to restore the symmetry.”»® We shall 
show that it is precisely these singularities 
which maintain the gauge invariance of the 
theory, despite the fact that the vector meson 
acquires mass. 

We shall first treat the case where the orig- 
inal fields are a set of bosons w4 which trans- 
form as a basis for a representation of a com- 
pact Lie group. This example should be con- 
sidered as a rather general phenomenological 
model. As such, we shall not study the par- 
ticular mechanism by which the symmetry is 
broken but simply assume that such a mech- 
anism exists. A calculation performed in low- 
est order perturbation theory indicates that 


those vector mesons which are coupled to cur- 
rents that “rotate” the original vacuum are the 
ones which acquire mass [see Eq. (6)]. 

We shall then examine a particular model 
based on chirality invariance which may have a 
more fundamental significance. Here we begin 
with a chirality-invariant Lagrangian and intro- 
duce both vector and pseudovector gauge fields, 
thereby guaranteeing invariance under both local 
phase and local y,-phase transformations. In 
this model the gauge fields themselves may break 
the y, invariance leading to a mass for the orig- 
inal Fermi field. We shall show in this case 
that the pseudovector field acquires mass. 

In the last paragraph we sketch a simple 
argument which renders these results reason- 
able. 

(1) Lest the simplicity of the argument be 
shrouded in a cloud of indices, we first con- 
sider a one-parameter Abelian group, repre- 
senting, for example, the phase transformation 
of a charged boson; we then present the general- 
ization to an arbitrary compact Lie group. 

The interaction between the ~ and the A u 
fields is 


=i #5 o—e2o* 
H int wA p ae ep GA A a (1) 


where ọ =(y,+ig,)/V2. We shall break the 
symmetry by fixing (g) #0 in the vacuum, with 
the phase chosen for convenience such that 

(p) =(9*) =p) NZ. 


We shall assume that the application of the 
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theorem of Goldstone, Salam, and Weinberg’ 
is straightforward and thus that the propagator 
of the field g}, which is “orthogonal” to q, 
has a pole at g=0 which is not isolated. 

We calculate the vacuum polarization loop 
Th ay for the field A, in lowest order pertur- 
bation theory about the self-consistent vacuum. 
We take into consideration only the broken-sym- 
metry diagrams (Fig. 1). The conventional 
terms do not lead to a mass in this approxi- 
mation if gauge invariance is carefully main- 
tained. One evaluates directly 


n (9) = (2n)*ie*[e e -a piy PKO]. (2) 


Here we have used for the propagator of 3 
the value [i/(27)*]/q?; the fact that the re- 
normalization constant is 1 is consistent with 
our approximation.? We then note that Eq. (2) 
both maintains gauge invariance (I ME 0) 
and causes the Ah field to acquire à mass 


u?=e Xp)". (3) 


We have not yet constructed a proof in arbi- 
trary order; however, the similar appearance of 
higher order graphs leads one to surmise the 
general truth of the theorem. 

Consider now, in general, a set of boson-field 
operators 4 (which we may always choose to be 
Hermitian) and the associated Yang-Mills field 
A a, uw The Lagrangian is invariant under the 
transformation! 


ôP 4 La Aa), ABIR 


OA gs ie bo ace i CP) (4) 


where Cgpc are the structure constants of a com- 
pact Lie group and Ta, AB the antisymmetric 
generators of the group in the representation de- 
fined by the gp. 

Suppose that in the vacuum ( Bot 0 for some 
B’. Then the propagator of DA, B'Ta, AB’PA 


rai ` 


qo a * a 
RPPRI PIS RA ARR 


(a) (b) 


FIG. 1. Broken-symmetry diagram leading to a 
mass for the gauge field. Short-dashed line, (9); 
long-dashed line, 9) propagator; wavy line, Ap propa- 
TF (a)— (nie gy y (91)? (b)— —(2miie(qua,/ a?) 
x(g). 
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X(@pr) is, in the lowest order, 


El > TAB Ba, act Pc” 


GT 4 Bec! a 
res 
(27)* q? $ 


With à the coupling constant of the Yang-Mills 
field, the same calculation as before yields 


n, O= -iA OT T O) 


x[g 


2 
i yi1 l; 


giving a value for the mass 


h = -KOT T (p)). (6) 


(2) Consider the interaction Hamiltonian 
H int” -YY YB Et A w (7) 


where A, and B, are vector and pseudovector 
gauge fields. The vector field causes attraction 
whereas the pseudovector leads to repulsion be- 
tween particle and antiparticle. For a suitable 
choice of € and ņ there exists, as in Johnson’s 
model,!? a broken-symmetry solution correspond- 
ing to an arbitrary mass m for the y field fixing 
the scale of the problem. Thus the fermion 
propagator S(p) is 


S—'(p)=yb-2(p)=ypl1-5,(p?)]-5,(p°), (8) 
with 
Z,(b°) #0 
and 


m[1-2.2(m?) ]-2,(m?) =0. 


We define the gauage-invariant current J i by 
using Johnson’s method??: 


4 famnlin De + Dr rv", 


ve) =exp[-if" mB (pd y We). (9) 


This gives for the polarization tensor of the 
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pseudovector field 
5(g)= 2i _1 LÉ 1 
ny (=n aor J THIS 29)T (D 345 D + 3) 


1 
xS(p + 4) 5 


-S(p)L2S-*(p)/ 2 IS(b)y td, (10) 


where the vertex function [,5=7,75+A,,5 satis- 
: ; ee v v v 
fies the Ward identity 


q ^52 -335P +34) =2(p-34)Y; +752 (b +34), (11) 


which for low q reads 


as = 9,7 5lt -2,] 5 22175 
—2(4,p,),b 023/20 (12) 


The singularity in the longitudinal I,,5 vertex 
due to the broken-symmetry term 22,y, in the 
Ward identity leads to a nonvanishing gauge- 
invariant Il uv (@) in the limit q — 0, while the 
usual spurious “photon mass” drops because of 
the second term in (10). The mass of the pseudo- 
vector field is roughly 7m? as can be checked by 
inserting into (10) the lowest approximation for 
[5 consistant with the Ward identity. 

Thus, in this case the general feature of the 
phenomenological boson system survives. We 
would like to emphasize that here the symmetry 
is broken through the gauge fields themselves. 
One might hope that such a feature is quite gen- 
eral and is possibly instrumental in the realiza- 
tion of Sakurai’s program. 

(3) We present below a simple argument which 
indicates why the gauge vector field need not 
have zero mass in the presence of broken sym- 
metry. Let us recall that these fields were in- 
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troduced in the first place in order to extend the 
symmetry group to transformations which were 
different at various space-time points. Thus one 
expects that when the group transformations be- 
come homogeneous in space-time, that is g-0, 
no dynamical manifestation of these fields should 
appear. This means that it should cost no energy 
to create a Yang-Mills quantum at q=0 and thus 
the mass is zero. However, if we break gauge 
invariance of the first kind and still maintain 
gauge invariance of the second kind this reason- 
ing is obviously incorrect. Indeed, in Fig. 1, 
one sees that the À, propagator connects to in- 
termediate states, which are “rotated” vacua. 
This is seen most clearly by writing (p) =([Q¢,) 
where Q is the group generator. This effect can- 
not vanish in the limit q-0. 
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS 


Peter W. Higgs 
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland 
(Received 31 August 1964) 


In a recent note! it was shown that the Gold- 
stone theorem,” that Lorentz-covariant field 
theories in which spontaneous breakdown of 
symmetry under an internal Lie group occurs 
contain zero-mass particles, fails if and only if 
the conserved currents associated with the in- 
ternal group are coupled to gauge fields. The 
purpose of the present note is to report that, 
as a consequence of this coupling, the spin-one 
quanta of some of the gauge fields acquire mass; 
the longitudinal degrees of freedom of these par- 
ticles (which would be absent if their mass were 
zero) go over into the Goldstone bosons when the 
coupling tends to zero. This phenomenon is just 
the relativistic analog of the plasmon phenome- 
non to which Anderson? has drawn attention: 
that the scalar zero-mass excitations of a super- 
conducting neutral Fermi gas become longitudi- 
nal plasmon modes of finite mass when the gas 
is charged. 

The simplest theory which exhibits this be- 
havior is a gauge-invariant version of a model 
used by Goldstone? himself: Two real‘ scalar 
fields y,, y, and a real vector field A u interact 
through the Lagrangian density 


2 2 
L=-3(ve,) -493 


2 oe 3 uv 
-Vle] +o nak LF ; (1) 
where 


= à = 


V = à 
Bo ee tea is 


F =8 A -8 A , 
w uv vu 
e is a dimensionless coupling constant, and the 
metric is taken as -+++. L is invariant under 
simultaneous gauge transformations of the first 
kind on w, +19, and of the second kind on A 
Let us suppose that V'(@,?)=0, V (g)> 0; then 
spontaneous breakdown of U(1) symmetry occurs. 
Consider the equations [derived from (1) by 
treating AY,, A92, and A,, as small quantities] 
governing the propagation of small oscillations 
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about the “vacuum” solution 9,(x)=0, P(x) = po: 


m = 
ə { (Ag )-e GA }=0, (2a) 
{82-49 V" (p) Agp) = 0, (2b) 
a FEY =eg fe" (av,)-ev A ma (2c) 


Equation (2b) describes waves whose quanta have 
(bare) mass 29,{V"' (9) } 7; Eqs. (2a) and (2c) 
may be transformed, by the introduction of new 
variables 


2 KO —1 
B, Ar lep) 8 (ag) 


G =8 B-8B =F , (3) 
py pv vw pv 


into the form 
m uv 2 2H 
= ð =0. 
a B 0, „C +e gB =0 (4) 


Equation (4) describes vector waves whose quanta 
have (bare) mass ew,. In the absence of the gauge 
field coupling (e =0) the situation is quite differ- 
ent: Equations (2a) and (2c) describe zero-mass 
scalar and vector bosons, respectively. In pass- 
ing, we note that the right-hand side of (2c) is 
just the linear approximation to the conserved 
current: It is linear in the vector potential, 
gauge invariance being maintained by the pres- 
ence of the gradient term.’ 

When one considers theoretical models in 
which spontaneous breakdown of symmetry under 
a semisimple group occurs, one encounters a 
variety of possible situations corresponding to 
the various distinct irreducible representations 
to which the scalar fields may belong; the gauge 
field always belongs to the adjoint representa- 
tion. The model of the most immediate inter- 
est is that in which the scalar fields form an 
octet under SU(3): Here one finds the possibil- 
ity of two nonvanishing vacuum expectation val- 
ues, which may be chosen to be the two Y=0, 
1,=0 members of the octet.” There are two 
massive scalar bosons with just these quantum 
numbers; the remaining six components of the 
scalar octet combine with the corresponding 
components of the gauge-field octet to describe 
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massive vector bosons. There are two I= 4 
vector doublets, degenerate in mass between 

Y =+1 but with an electromagnetic mass split- 
ting between I,=+}, and the J,=+1 components 
of a Y=0, J=1 triplet whose mass is entirely 
electromagnetic. The two Y=0, /=0 gauge 
fields remain massless: This is associated 
with the residual unbroken symmetry under the 
Abelian group generated by Y and J,. It may be 
expected that when a further mechanism (pre- 
sumably related to the weak interactions) is in- 
troduced in order to break Y conservation, one 
of these gauge fields will acquire mass, leaving 
the photon as the only massless vector particle. 
A detailed discussion of these questions will be 
presented elsewhere. 

It is worth noting that an essential feature of 
the type of theory which has been described in 
this note is the prediction of incomplete multi- 
plets of scalar and vector bosons.’ It is to be 
expected that this feature will appear also in 
theories in which the symmetry-breaking scalar 
fields are not elementary dynamic variables but 
bilinear combinations of Fermi fields.’ 
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1. Ina previous note,! hereafter called I, we 
proposed an expression for the mass operator 
responsible for lifting the degeneracies of spin- 
unitary spin supermultiplets [Eq. (31)-I]. The 
purpose of the present note is to apply this ex- 


pression to the 70-dimensional representation of 
SU(6). 


The importance of the 70-dimensional represen- 


tation has already been underlined by Pais.? 
Since 


35256 = 56670670061134, (1) 


it follows that 70 is the natural candidate for ac- 
commodating the higher meson-baryon reso- 


nances. Furthermore, since the SU(3)@SU(2) 
content is 


70 = (1, 2) + (8, 2) + (10, 2) + (8, 4), (2) 


we may assume that partial occupancy of the 70 
representation has already been established = 
through the so-called y octet? (3). Recent ex- 
periments appear to indicate that some (}) 
states may also be at hand.* With six masses at 
one’s disposal, our formulas can predict the 
masses of all the other occupants of 70 and also 
provide a consistency check on the input. Our 
discussion of the 70 representation thus appears 
to be of immediate physical interest. 
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Aspects non-perturbatifs des théories de jauge (supersymétriques) 
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Résumé 


A un niveau élémentaire, on présente certains aspects non-perturbatifs des théories de jauge non-abéliennes à quatre 
dimensions d’espace-temps. Des résultats rigoureux ont pu être obtenus dans le cadre des théories supersymétriques, 
mettant en évidence une physique très riche liée à la dynamique des champs de jauge en couplage fort. Les nouveaux 
phénomènes qui sont apparus joueront peut-être un rôle dans l’élaboration des modèles phénoménologiques du futur. 
Néanmoins, l’application quantitative de ces idées à des théories non-supersymétrique, telle que la chromodynamique 


quantique, reste hors de portée pour le moment. 


Les théories que nous considérons partagent de nom- 
breuses caractéristiques avec les théories réalistes à la 
base du modèle standard. Principalement, elles contien- 
nent des champs de jauge non-abéliens, éventuellement 
couplés à la matière, et sont asymptotiquement libres. 
De plus, il existe des corrections non-perturbatives à la 
série de perturbation. Semi-classiquement, ces correc- 
tions sont dues aux instantons, qui sont présents dans 
toutes les théories de jauge non-abéliennes. La symétrie 
de jauge est spontanément brisée par la valeur moyenne 
non-nulle d’un champ scalaire complexe ¢, qui appar- 
tient à la représentation adjointe du groupe de jauge, 
et qui joue le rôle du boson de Higgs. Génériquement, 
le groupe de jauge G est brisé en U(1)" où r est le rang 
du groupe. Je voudrais souligner de plus quatre car- 
actéristiques particulières des théories supersymétriques 
N = 2, qui sont celles pour lesquelles des résultats quan- 
titatifs rigoureux peuvent être obtenus pour le spec- 
tre de masse et le contenu en particules, et qu’il est 
bon de garder à l'esprit. Tout d’abord, il n’existe pas 
de fermions chiraux. Ensuite, la série de perturbation 
s'arrête à une boucle; il n’y a donc aucun problème 
de resommation, et l’on peut considérer sans difficulté 


d'éventuelles corrections non-perturbatives. Troisièmement, 


ces corrections non-perturbatives peuvent être calculées 
semi-classiquement sans ambiguité; les problèmes in- 


frarouges venant de l’intégration sur la taille de l’instanton, 


bien connus en QCD, sont parfaitement maitrisés ici. 
Enfin, le potentiel scalaire est du type tr[@,¢']? et a 
donc des directions plates, qui ne sont pas levées au 
niveau quantique. Ceci veut dire que la valeur moyenne 
du Higgs n’est pas déterminée mais doit être considérée 
comme un paramètre supplémentaire de la théorie. Sa 
donnée fixe une échelle d'énergie, à comparer à l’échelle 
A générée dynamiquement en raison de la liberté asymp- 
totique. Le régime de couplage fort est celui pour lequel 
|(¢)| est de l’ordre, ou plus petit, que A. 


Une question de physique évidente a poser une fois 
le lagrangien d’une théorie connu est la suivante: quelles 
sont les particules et leurs caractéristiques (masse, spin, 


etc...) qu’un expérimentateur pourra éventuellement 
détecter dans un monde décrit par la théorie étudiée? 
On ne peut répondre en général à cette question en 
lisant simplement le lagrangien. Méme a un niveau per- 
turbatif, de gros efforts ont été nécessaires dans le passé 
pour comprendre comment une théorie de jauge non- 
abélienne pouvait contenir des particules massives de 
spin 1 et étre renormalisable. A un niveau non-pertur- 
batif, des phénomènes spectaculaires sont susceptibles 
de se produire. L’un d’eux est le confinement des quarks, 
attendu en QCD. De plus, il existe dans nos théories, 
comme dans le modèle de Georgi-Glashow, des mono- 
pôles magnétiques et des dyons (particules à la fois 
chargées électriquement et magnétiquement), en plus 
des particules habituelles du spectre perturbatif (pho- 
ton, bosons W, etc...). Malgré l’origine très différente 
de toutes ces particules, il existe une formule remar- 
quable, que l’on peut déduire facilement dans le modèle 
de Georgi-Glashow à un niveau semi-classique, qui donne 
la masse d’une particule quelconque du modèle en fonc- 
tion de la valeur moyenne du Higgs, de la charge électrique 
Qe et de la charge magnétique Qm: 


M = |) VQ? + Oh- (1) 


Cette formule, invariante par échange de Qe et Qm, 

suggère qu’une équivalence entre particules chargées élec- 
triquement et particules chargées magnétiquement pour- 
rait exister [1]. Une telle équivalence, si elle était cor- 

recte, aurait des conséquences remarquables. En effet, si 

g est la constante de couplage de jauge de notre théorie, 

la charge électrique Qe est bien sûr proportionnelle à g, 

mais la charge magnétique Qm doit être proportion- 

nelle à 1/g, un résultat dû à Dirac. Ainsi, si le cou- 

plage électrique g est grand (comme en QCD), et que 

les développements perturbatifs habituels ne sont pas 

valables, il est envisageable de considérer une formu- 

lation de la théorie en termes de particules chargées 

magnétiquement, qui elles ont un couplage en 1/g qui 

est faible et en terme duquel on peut donc écrire des 

développements perturbatifs. 


Comme on peut s’y attendre, une telle image ne peut 
être correcte en toute généralité. Tout d’abord, la for- 
mule fondamentale (1) ne résiste pas aux corrections 
quantiques, à moins de considérer des théories ayant 
au moins deux supersymétries. De plus, une équivalence 
quantique complète entre deux théories de jauge ayant 
des couplages inverses ne peut être vraie que si la fonc- 
tion @ est nulle dans les deux théories, ce qui limite 
fortement les possibilités. Notons tout de même que 
de tels cas idéaux existent et ont un intérêt théorique 
indéniable. Néanmoins, dans la plupart des cas, on peut 
au mieux espérer que la dualité électrique-magnétique 
soit vraie de manière approchée, dans certaines limites, 
comme au niveau de l’action effective à basse énergie. 
Par exemple, lorsque le groupe de jauge est brisé en 
U(1)", l’action effective est une théorie de jauge abélienne 
dont la constante de couplage geg tend vers zero dans 
Vinfrarouge et est donc susceptible d’être reliée à la con- 
stante de couplage g de la théorie microscopique asymp- 
totiquement libre par une relation du type ger  1/g. 


Comment donc, au-delà de ces considérations quali- 
tatives, décider si une théorie a une chance d’être duale 
d’une autre (au moins dans certaines limites)? On peut 
montrer qu’une telle équivalence à des conséquences 
hautement non-triviales sur le spectre des particules 
d’une théorie donnée. Par exemple, les dyons suscepti- 
bles d’être échangés avec les particules chargées électri- 
quement doivent, au-delà de leur masse, avoir des nom- 
bres quantiques (spin, saveur, ...) compatibles. Ceci est 
bien possible dans le cadre des théories supersymétri- 
ques. D’autre part, ces dyons sont en général des états 
liés de dyons élémentaires. L’existence même de ces 
états liés au niveau quantique est loin d’être évidente. 
Pour Vétablir, il faut mettre au point une théorie quan- 
tique des monopôles (qui est une mécanique quantique 
supersymétrique), dont l’étude constitue un problème 


mathématique très complexe. La difficulté de ces problèmes 


est telle que lorsque Sen montra en 1994 l'existence 
d'états liés à deux monopoles dans la théorie la plus 
simple (ayant quatre supersymétries) [2], alors que la 
dualité implique en fait l’existence d’états liés avec un 
nombre quelconque de monopôles, il se déclencha un 
véritable engouement pour ces sujets, qui ne s’est pas 
éteint depuis, et dont l’un des achèvements les plus re- 
marquables reste le détermination exacte par Seiberg et 
Witten de l’action effective à basse énergie dans certains 
modèles [3]. 


Il est important de noter que les développements 
récents, s’ils sont confinés (pour l’instant?) aux théories 
supersymétriques, ont d’ores et déjà jeté une lumière 
nouvelle sur la théorie des champs et en particulier sur 
les phénomènes attachés à la dynamique des champs 
de jauge en couplage fort. Je terminerai cet exposé en 
illustrant ceci par trois exemples. Le premier concerne 
le statut de la particule élémentaire. Depuis toujours, 


la particule élémentaire a été définie comme étant un 
constituant sans structure interne. Or, j’ai souligné ci- 
dessus que la dualité prédisait l’équivalence entre une 


formulation des théories en termes des particules élémentaires 


habituelles (chargées électriquement) et une formula- 
tion en termes de monopôles magnétiques ou de dyons 
qui apparaissent dans la formulation initiale de la théorie 
comme étant des états liés. Aïnsi, le statut de partic- 
ule sans structure interne ou composite est-il relatif, et 
dépend du point de vue (de la formulation de la théorie) 
adopté. Ceci constitue à mes yeux une révolution con- 
ceptuelle de grande importance. Le deuxième exemple 
concerne le statut des bosons de jauge massifs. À la 
brisure spontanée de la symétrie de jauge est associée 
habituellement la présence de particules massives de 
spin 1, les “bosons W:” c’est le mécanisme de Higgs. 
Cependant, la preuve de l’existence de ces bosons W est 
de nature perturbative (contrairement, par exemple, au 
théorème de Goldstone), et sa validité pour des théories 
fortement couplées peut être questionnée. En fait, il a 
été démontré pour la première fois dans [4] que dans 
certains régimes de la QCD supersymétrique, aucune 
particule massive de spin 1 n’était associée à la brisure 
de la symétrie de jauge SU(2) en U(1). Le spectre de la 
théorie est en fait complètement différent du contenu en 
champ dans le lagrangien, ce qui montre qu’une formu- 
lation lagrangienne habituelle n’est pas du tout adaptée 
à la physique du couplage fort. Pourra-t-on trouver une 
formulation mieux adaptée? Ceci nous amène à mon 
troisième et dernier exemple, qui se situe à un niveau 
plus spéculatif, et qui concerne le lien entre la théorie 
des cordes et les théories de jauge. Il est apparu que 
certains des aspects curieux de la physique des champs 
de jauge en couplage fort avaient une interprétation très 
naturelle en théorie des cordes. Cette théorie, au-delà de 
son intérêt intrinsèque en tant que théorie candidate de 
la gravité quantique, pourrait fournir un cadre adapté 
à l’étude des phénomènes non-perturbatifs en théorie 
des champs, un peu comme les théories conformes ont 
permis de comprendre les phénomènes critiques bidi- 
mensionnels [5]. 
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Higgs Mechanism 


When a local rather than global symmetry is spontaneously broken, we do not get a massless 
Goldstone boson. Instead, the gauge field of the broken symmetry becomes massive, and 
the would-be Goldstone scalar becomes the longitudinal mode of the massive vector. This is 
the Higgs mechanism, and it works for both abelian and non-abelian local symmetries. In 
the non-abelian case, for each spontaneously broken generator T® of the local symmetry the 


corresponding gauge field An (x) becomes massive. 


The Abelian Example 


To understand how the Higgs mechanism works, let’s start with the abelian example of 
a local U(1) phase symmetry. The complete model comprises a complex scalar field (x) of 


electric charge q coupled to the EM field A” (x); the Lagrangian is 


L = -İF F” + D,®*D"® — V(o*0) (1) 


V(6*o) = À (a) + m?(®*6). (3) 


Suppose À > 0 but m? < 0, so that ® = 0 is a local maximum of the scalar potential, while 


the minima form a degenerate circle 


| —9m2 
D = Yel, eS = , any real 6. (4) 


V3 À 


Consequently, the scalar field & develops a non-zero vacuum expectation value (©) 0, which 





spontaneously breaks the U(1) symmetry of the theory. Were that U(1) symmetry global rather 
than local, is spontaneous breakdown would lead to a massless Goldstone scalar stemming from 
the phase of the complex field (x). But for the local U(1) symmetry, the phase of (x) — 
not just the phase of the vacuum expectation value (®) but the x-dependent phase of the 
dynamical (x) field — can be eliminated by a gauge transform, so the physical consequences 


of the SSB are more complicated. 


To see how this works, let’s use polar coordinates in the scalar field space, thus 


1 l 
®(z) = — (x) x &™, real d,(x) > 0, real Q(z). (5) 
V2 
This field redefinition is singular when ®(x) = 0, so we should never use it for theories with 
(®) = 0, but it’s OK for spontaneously broken theories where we expect (x) # 0 almost 
everywhere. In terms of the real fields @,(x) and @(x), the scalar potential depends only on 


the radial field ¢,, 


V(®) = AC + const, (6) 


or in terms of the radial field shifted by its VEV, 6,(x) = v + a(x), 


D — vt = wto — v* = wo + o’, (7) 
Av? 
V = 2 (w0 +02)? = x + Bx od + à xot (8) 


At the same time, the covariant derivative D,® becomes 


1 iO 


© $ iO € : F 
D,® = zule ) + ig, x dre) = (ae + dr x 10,0 + dr x igAu). (9) 
Inside the big () on the RHS, the first term is real while the other two terms are imaginary, 
hence 
9 1 2 
DBP = Sound + br x 10,0 + dr x iqAul 
1 2, & 2 
= Hout)? + x (6,04 44,) ao) 
v + a)? 2 
= (do) + to x (0,9 + qAi) : 
Altogether, 


(v +0)? 


L = 1 (Oyo)? = V(a) ~ LE FF + x (3 O + gAy) (11) 





To understand the physical content of this Lagrangian, let’s expand it in powers of the 


fields (and their derivatives) and focus on the quadratic part describing the free particles, 


Av? v2 
Lire = gp)? — x0? — GFF! + > x (An + 00). (12) 


The first two terms here obviously describe a real scalar particle of positive mass? = Av?. The 
other two terms — involving the A,(x) and the O(z) fields — seem to describe a photon and 


a scalar field, but in fact describe a massive vector field and no scalars! 


To see how this works, note the local U(1) symmetry of the theory, which acts as 


Al(x) = Aux) — A(z), 
d{x) = O(c) x exp(igA(x)), 
(13) 
o'(a) = ox), 
Ə'(z) = (x) + gA(a), 


for an arbitrary x-dependent A(x). Physically, such a local symmetry means that one of the 6 
field variables at each x — the real and the imaginary parts of the (x), and the 4 components 
of the A“ (x) — is redundant, and we may reduce this redundancy by imposing a gauge-fixing 
condition such as the Coulomb gauge V- A(x) = 0 or the Landau gauge 0, A” (x) = 0. When we 
have a charged scalar field with a non-zero VEV, we may also impose a gauge-fixing condition 


on that scalar field (instead of the vector field A“(x)), thus the unitary gauge 
O(x) = phase(®(x)) = 0. (14) 


The unitary gauge is badly singular when the complex field (x) fluctuates around zero, so 
it should never be used for the gauge symmetries which are NOT spontaneously broken. But 
when the symmetry IS spontaneously broken by (®) Æ 0 and the points where ®(x) vanishes 
are few and far between (if they exist at all), the phase O(x) is well-defined almost everywhere, 


and it is easy to gauge it away by setting A(x) = (—1/q)O(x) = O'(x) =0. 
In the unitary gauge, the last two terms in the free Lagrangian (12) become simply 


| q2u? 
veto = EFF p x Au AF, (15) 


vector 


the Lagrangian of a massive vector field of mass mẹ, = qu. The scalar O(x) is gone from 


this Lagrangian — it was eliminated by the unitary gauge fixing. For the same reason, the 


Lagrangian (11) is NOT gauge invariant — we used up the gauge symmetry of the original 
theory for eliminating the O(x) field, and now the remaining A(z) field does not have any 


gauge symmetry anymore. 


Without the unitary gauge — or any other gauge-fixing condition — we may describe 
exactly the same massive vector particles using redundant fields A(x) and @(x) subject to 


gauge symmetry 
Al (x) = A(t) — OA(x), O'z) = O(a) + gA(x), (16) 


and a gauge-invariant free Lagrangian 


massive 1 pv (qv)? A -19 2 
vector =g E + EE x ( H +q 18) ; (17) 
But the @(x) field here is not physical, it does not give rise to any scalar particles, and its 
plane waves are mere gauge artefacts. The only physical particles in this system are the massive 


vector particles, the same as in the @-less unitary-gauge Lagrangian (15). 


Altogether, the complete particle spectrum of the theory of #(x) and A(z) fields with a 
spontaneously-broken local U(1) symmetry comprises a massive real scalar o(x) and a massive 


vector. But there is NO massless Goldstone scalar! 


To see what happened to the would-be Goldstone boson, let’s count the degrees of freedom 
of the complete theory. The complex scalar field (x) carries 2 degrees of freedom, while the 
vector field A,,(x) subject to gauge symmetry carries another 2 DoF, for the total of 4 DoF. 
This means that for every momentum 3-vector k, there should be 4 distinct 1-particle states 
Ik, ??) belonging to different particle species or different spin/polarization states. This counting 
should work for both spontaneously-broken or unbroken U(1) symmetry, although the specific 


1-particle states turn out to be quite different for the two regimes: 


e The unbroken U(1) regime for m? > 0 and (®) = 0: 
In this regime, the A(x) fields describe a massless photon, which has 2 helicity states, 
A = +1 (but not À = 0). At the same time, the complex scalar field (x) with an 
unbroken U(1) symmetry describes 2 scalar particle species with opposite electric charges 


+q, the particle and the antiparticle. Altogether, for each k there are 4 1-particle states: 


the scalar particle SEN the antiparticle [ST ), and two photon states |y(A =)) and 
WA = -1). 


e The spontaneously-broken U (1) regime for m? < 0 and (®) Æ 0: 
In this regime, there is only one scalar particle species ø, but the massive vector particle 
has 3 spin states, A = —1,0, +1. Again, altogether there are 4 1-particle states: the |o), 
and the |V (A = +1)), |V (à = 0)), [V(A = —1)). 


x But these are rather different 4 states from the unbroken U (1) regime! 


Now we can see what happens in the spontaneously-broken regime to the would-be Gold- 
stone boson O(x): It became the longitudinal À = 0 polarization of the massive vector field! 
Indeed, the unbroken-symmetry regime has a massless vector without the À = 0 mode. Once 
the symmetry is spontaneously broken and the vector becomes massive, it has to have all 3 
spin states, including the À = 0 longitudinal mode. That mode has to come from somewhere, 
so the Higgs mechanism ‘eats up’ the would-be Goldstone scalar O(x) and turns it into the 


longitudinal polarization of the massive vector! 


A rigorous way to see how this works would be to start with the redundant gauge-invariant 
description (16) or a massive vector field, fix the Coulomb gauge V-A = 0 instead of the unitary 
gauge, expand the Lagrangian (17) into Fourier and helicity modes, eliminate the modes of 
the A? field, quantize the theory canonically, and in the process see how the Ox, and the Hp 
operators combine into the creation and annihilation operators for the longitudinally polarized 
vector particles. But this is a lot of work, and I am not going to do it here. Instead, I let the 
unitary gauge speak for the outcome of the Higgs mechanism, even if it hides the gory details 


of the ‘eating up the Goldstone boson’. 


To complete this section, let me write down the complete Lagrangian of the spontaneously- 
broken theory in the unitary gauge, including all the interactions of the o(z) fields with itself 


and with the massive vector field: 


w2 2,2 
£ = 18,0) - > ho? =F Res L x A, AH 
Av À E ae) 
— g Xe — gxo + qu? x o Ap A” + = x o? AA. 


PROPAGATORS AND GAUGES FOR MASSIVE VECTORS 


The unitary gauge is very useful for identifying the physical particles of the theory. This 
will be particularly convenient in the Higgsed non-abelian gauge theories, as we shall see later 
in these notes. But in perturbation theory, the unitary gauge is useful at the tree level but 
in loop diagrams it makes the UV divergences much worse than in the massless theory. To 
avoid this problem, perturbation theory beyond the tree level is usually done using non-unitary 


Feynman-like Re gauges I shall explain in a minute. 


To see the problem with loop diagrams, consider the massive photon’s propagator. In 
the unitary gauge, the massive photon is simply an ordinary massive vector field with free 


Lagrangian (15), so its propagator is just the massive vector propagator from fiomework#4, 





u y i y à à 
WITLI = se 0 for m = qu. 

k2 — m2 + i0 ( RE nr ve) 
Note that at large off-shell momenta k >> m this propagator behaves as O(1/m?), unlike the 
massless photon’s propagator which behaves as O(1/k?). So when the propagator (19) is a 


part of some loop and we integrate over the loop momentum, we get 


J dtk e + 3 oe >g 


20 
propagator and vertices (20) 


(2m)* 
the integrand decreases for k” — oo much slower than for a similar diagram involving a 
massless photon. Consequently, the integral (20) generally suffers from much worse ultraviolet 
divergence — the divergence for k — oo — than a similar integral in a massless QED. In the 
QFT (II) class we shall learn how handle the UV divergences in QED and other renormalizable 
theories. The worse divergences due to the massive photon propagator (19) in the unitary gauge 
would break the renormalization techniques and make the massive theory non-renormalizable. 
In other words, it would be a good effective low-energy theory for the tree-level calculations 


but unsuitable for the loop calculations. 


Fortunately, the problem is not with the massive photons per se but rather with the unitary 
gauge. Other gauges exist where the massive photon propagator behaves like O(1/k?) for large 
off-shell momenta, and in those gauges the UV divergences of the massive theory are similar 


to its massless counterpart. 


Indeed, consider a non-unitary gauge in which the would-be Goldstone scalar m(x) = 
Im ®(s) is not restricted at all; instead, we impose a Landau gauge condition 0, A” (x) = 0 on 


the vector field itself. Or rather, impose a Landau-like gauge condition 
AP (x) — Ema(z) = given f(z), (21) 


and then in the path-integral formulation of the theory (which we shall learn in the QFT II 
class), we average over all possible f(x). The result of such gauge-averaging is equivalent to 


not imposing any gauge condition at all but rather adding a gauge-fixing 


1 2 
ee (a, = Emn) (22) 

26 
to the Lagrangian of the theory. For a massless theory (no Higgs mechanism), the net quadratic 


Lagrangian 


Lo = —4Fp F” + AL (23) 
yields the Feynman gauge (or Feynman-like gauges for € Æ 1) for the photon propagator 


u V i i RAR 
SIV = ee | -9" Le Oleg D 24 

an | 9" + 1 a 

For the massive photon due to Higgs mechanism, we combine the vector field A“(x) and the 


would-be Goldstone scalar m(x) with free Lagrangian 


Lo = —4FwFY + (ður) + AL 


—4(ð An)? + ZL -ETN)\(QA*)? + §m7A, AY + Z(Oum)? — Emr. 


Consequently, we get the so-called Re gauge in which the massive vector field has propagator 


WWII = os o" + (1-8) 


ae ae —igh” 
k? — m? + i0 ¿=1 


k2 — Em? + i0 k? — m? + i0 ` 
(26) 


Unlike the unitary gauge propagator (19), this propagator behaves as 1/k? for large off-shell 
momenta k, so the renormalization works similar to QED. (Although the technical aspects of 
renormalization are much more complicated in the Higgsed case, and it took much longer to 


prove the theory’s renormalizability.) 


The price of a non-unitary gauge like Rẹ is that the unphysical would-be Goldstone field 
m(x) is not eliminated for the theory. Instead, it remains in the theory, couples to the physical 
Higgs scalar o(x), and perhaps to the other fields (if the theory has any). In Feynman rules, 
the m(x) has a propagator 


sin TEEPEE N (27) 


Note the pole at k? = £m?, which is not the physical mass? of any particle unless £ = 1; this 
spurious pole is needed to cancel the other unphysical effects of the massive photon propaga- 


tor (26). 


To summarize this section, loop calculations requires gauges like Re where the Feynman 
rules involve both physical and unphysical fields. However, the tree-level calculation can also 
be done in the unitary gauge which involves only the physical fields. And the semi-classical 
calculations where we identify the particles and find their masses — as we shall do in a moment 


for the non-abelian Higgs mechanism — are best done in the unitary gauge. 


Non-Abelian Higgs Mechanism 


EXAMPLE: SU(2) WITH A HIGGS DOUBLET 


To illustrate the non-abelian Higgs mechanism, consider the example of SU (2) gauge theory 
coupled to a doublet of complex scalar fields 6’(). In terms of canonically normalized fields, 


the Lagrangian is 


L = —4F FU + D&D" — 5 (#0 — F (28) 
where 
D, = O + igAg (0°) D, 
DO, = 0,%; = ig AUD; (0°), (29) 
Fa, = Ag — O,A% — ge At AS. 
For v? > 0 the scalar potential has a local maximum at ®t = 0 while the minima form a 


spherical shell ®*6’ = (v?/2) in the C? = R! field space; all such minima are related by the 


SU(2) symmetries to 


é 0 
(6) = > a) (30) 


Note that this vacuum expectation value spontaneously breaks the SU(2) symmetry down to 
nothing — there is no subgroup of SU(2) which leaves this VEV invariant. Consequently, we 


expect all 3 vector fields A% (x) to become massive. 


In the process, 3 would-be Goldstone scalars should be eaten by the Higgs mechanism. 
Since the theory has 2 complex — or equivalently 4 real — scalars, only one real scalar should 
survive un-eaten. Ironically, it is this un-eaten scalar a(x) which is called the physical Higgs 


field. 


To see how this works, let’s fix the unitary gauge. Any complex doublet t(x) can be 
rotated by some SU(2) symmetry U(x) so that the upper component of the rotated ® = U® 
is zero, D’! = 0, while the lower component ®” is real and positive. Thus, in the unitary gauge 


we require 


Reĝ! (x) In 6!(x) = Imd?(x) = 0, 


(31) 


1 0 
hence (x) = — for a real @,(x) > 0. 
This gauge-fixing condition is terribly singular for ¢, — 0, so it should never be used for 
the unbroken-symmetry regime of the theory. But for the spontaneously broken theory where 


®r(x) fluctuates around the minimum at ¢, = v > 0, the unitary gauge is OK. 


In the unitary gauge, the only scalar field is the ¢,(x), or equivalently the shifted field 
o(x) = r(x) — v; all the other scalar fields are frozen by the gauge-fixing conditions (31). In 


terms of physical Higgs field a(x), the scalar potential becomes 


2 
À 2 dv? À À 
v = 2(ate-5) = £ (w0 +0) = xo? + T xe + oxo! (32) 
where the first terms is the mass term, mass? = Av’, while the remaining terms are self- 


interactions. More interestingly, the covariant derivative of the Higgs doublet ® becomes 


0 ; +1 0 0 
| + 2A y 
1 Ono 2 0 —1 v +0 





D,® = — 
7 Ve 480i gf 0 0 \ igo (0 — 0 
As A 
2 1 0 v+ta aera i 0 uta 
Per 59(Al, — iA?) x (v+a) 
V2 \ duo — 59 AÌ, x (w+) jJ’ 
(33) 
hence 
; | 2 i 2 
E — 449) E — 9 xo 40) 
ov +o)? ee eer eee a 
= 2. x ((A}) ma (4°) ) + x (A?) + 4(d,0)*. 


2 


8 8 


The last term here is the kinetic term for the Higgs scalar a(x), while the rest of the bottom 
line are mass terms for the vector fields and the interaction terms between the vectors and 


the ø. Curiously, we get the same mass and similar interactions for all 3 vector fields A: 


g'(v+0) M? gv g’ 


cD BA AS AA ee A GAA 1185) 


where 


DD 
M? = reg (36) 


EXAMPLE: SU(2) WITH A HIGGS TRIPLET 


Now consider an example of a partially broken gauge symmetry, an SU(2) Higgsed down 
to a U(1) subgroup, or equivalently SO(3) > SO(2). This time, the scalar fields (x) are 
real and form a triplet of the SU(2) rather than a doublet. Thus, 


À 
L'= PUF + 2D,O° DMO? — © (gta — v7)", (37) 
where 
Dy®* = p — ge AOS, = FO, = OAS — OAT — ge™ Ab AC. (38) 
Again, for v? > 0 the scalar potential V(®) has a degenerate family of minima which form a 
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spherical shell Pl! = v? in the scalar field space RÌ, and all such minima are equivalent by 


SU(2) = SO(3) symmetries to 


This time, this vacuum expectation value is invariant under an SO(2) subgroup of the SO(3), 
— or equivalently under an U(1) subgroup of the SU(2). Specifically, it’s the SO(2) = U(1) 
generated by the TÌ, the third component of the isospin T. Consequently, out of the 3 vector 
fields Af, 
massive. 


we expect the A to remain massless while the other 2 fields Ar should become 


In the process, the Higgs mechanism should eat 2 real scalar fields. Since we only have 
3 real scalars to begin with, only one scalar should survive un-eaten — the Physical Higgs 


field o(x). 


To see how this works, we fix the unitary gauge 
Dl(x) = (x) = 0, Bz) > 0. (40) 


As usual, this gauge is badly singular at ® = 0, but it’s OK for the ®(x) ~ (®) 4 0. Shifting 
the (x) by the VEV, we get 6°(x) = v + a(x), where o(x) is the physical Higgs scalar — 


and also the only scalar remaining in the theory in the unitary gauge. 


In terms of the o(x), the scalar potential becomes 


2 
V(o) = À (200 +02)” = Ae ha: X x08 + à xof, (41) 


where the first terms on the RHS gives the Higgs scalar mass? = Av. More interestingly, the 
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covariant derivative of the scalar triple ®“(x) becomes 





0 Al 0 
Dor g | = A ll! 26 
Ono A3 vu+o 
(where x is the cross product of two isovectors )) (42) 
-gA (v +0) 
= +gA}(v +o) |, 
Ono 


hence the covariant kinetic terms for the scalars become 


apige uro) 
1D," D"? = 1(9,0)° + grey x ((Al)? + (43°). (43) 


As usual, the first term here is the kinetic term for the physical Higgs scalar ø, while the second 


term contains the mass terms for the vector fields, 


2 
D5 i x ((41)° $ (42)°), M? = gv?, (44) 


but only for the Al, and the Ae — the third vector A? (a) remains massless. 


The massless vector A} (x) is the gauge field of the un-Higgsed SO(2) = U(1) subgroup 
of the SO(3) = SU(2). Interpreting this gauge field as the EM field and hence the rescaled 
generator Q = gT? as the electric charge operator, we find that the physical Higgs field is 
electrically neutral while the massive vector fields have electric charges q = +g. To be precise, 
the massive vector fields of definite charges are not the Al and the A; themselves but rather 


their linear combination 


1 1 
Wi = — 
V2 


i (Au — An) and W, = 


(Al, + iA?) of charges q = +g. (45) 


For completeness sake, let’s re-express the theory at hand (usually called the Georgi-Glashow 
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model) in terms of the physical fields of definite charges. Using U(1)-covariant derivatives 














DWF = WE + igA WF, (46) 
we have 
T def 1 1 i ben ea 7 z 7 xo 
Ww = Fw + iE) = DW; — DW, (47) 
but 
ae = Fp + 2gIm(W,TW,, ) where Fs = 0,A3 — 0, AS. (48) 


Consequently, the Lagrangian of the whole model — the kinetic terms, the mass terms, and 


the interactions — can be expressed as 


L = 30u)? — 4M? x0? — FF — WLW + Mywtw-’ 
xot + 2guxox WIW + gx ox WIW (49) 


— 9x Fy, x Im(W WT) — g? x (1m(w*"w-")) 


GENERAL CASE 


Let’s take a closer look at eqs. (34) and (43), and focus on the mass terms for the vector 
fields. In both cases, we start with the kinetic terms for the original scalar fields ®;(x) or 
®*(x), fix the unitary gauge, work through the algebra, and eventually obtain the kinetic term 
for the physical Higgs field ø, the mass terms for the vector fields — or some of the vector 
fields — and the interactions between the massive vectors and the Higgs a. But is all we want 
are the mass terms for the vectors, we may simply freeze o(x) = 0: This would eliminate the 

1 


interactions with the ø as well as the 5(0,0) term, and all we would have left are the mass 


terms for the massive vectors. 


Note that freezing o(x) = 0 is equivalent to freezing all the scalars at their VEVs, ®(x) = 
(®). Consequently, to get the vector’s masses we do not need to go through the details of the 
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unitary gauge fixing, all we need are the scalar VEVs, then the kinetic terms for the frozen 


scalars 


D,(®)' Dy(®) or $(Dy(®))? 


become the mass terms for the vectors. For example, for the SO(3) triplet of real scalar fields 


from the second example 


Du) = —ge A? x vd? = gue x Ab, (50) 
Fig = 1(D,,(6)*) = L(gu)? x e3003 AP Ach 
= 1(M = gv)’ x (ALAM + AZA”). (51) 


Likewise, for the SU(2) doublet of complex scalar fields from the first example, 


igu 





D,(e)' = L a x 4 =o" (420°), (52) 
D, = -4 x (480°)? (53) 


vector * pu i go a _a\2/ abu bjt 
Lt = Do). Do) = res (40°); AH 
2.5 
= — x Aa Abu x keane a ie] 
gv? 
re Aa Abt x 6% (since Aa Abe is symmetric in a + b. )) 
M2 
= =x ARAM forM = =. (54) 


This recipe — freezing (x) = (®) to find the vector masses — applies to any kind of gauge 
theory with scalars in any kinds of multiplets. Indeed, consider a general gauge symmetry G 
with generators T4 and gauge fields Ai(x) (a =1,...,dim(G)). Let scalars 6°(x) belonging 
to some multiplet (m) of G develop non-zero vacuum expectation values (6°) Æ 0. Then the 
covariant derivatives of these scalars 


Dy ®"(x) = pD (x) + igA,(x) x (Tony) g® (2) (55) 
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become in the unitary gauge 
D,E°%(x) = D,(®)° + terms involving the physical scalars (56) 


where 


D,l®) = ig A(x) x (Th) 3 (8)? . (57) 


In eq. (56), the terms involving the physical scalars — and the physical scalar fields them- 
selves — depend on the details of the unitary gauge fixing. On the other hand, the covariant 
derivatives of the VEVs (57) depend only on the VEVs themselves. Moreover, such deriva- 
tives are linear functions of the vector fields with constant coefficients, so their squares become 


quadratic mass terms for the vectors, 


DH (®)%, Dul) = —igA® x (®)§ (Thay) X ig A" x (Thay) (0)? 
a ab 2 * a b B 
= AA" x 9 (8)5 (Tony Ton) à (8V (58) 


{by a + b symmetry of the Aa Abe )) 
a * fpa p 
= JATA" x g° (Dys {Ton Tiny} EN 


In other words, 


vector _ 1 
L aese = 09. 


M AAi, (59) 
where the mass? matrix for the gauge fields obtains as 


(ME)? = 9? (®)*? {Tn Tinto (Oh = 9? Y {TE Ten} (®)- (60) 


To be precise, eq. (60) applies to Higgs VEVs belonging to a single multiplet of complex 
scalars. For a multiplet of real scalars, there is an extra factor à due to different normalization 


of the VEVS, and for several Higgs multiplets with non-zero VEVS, the general formula is 


complex real 

Higgs Higgs 

; multiplets multiplets 
ME) = 9 So ETE.) Thay} +9 D E {Thy Ten }(®)- (61) 

Pe(m) BE(m) 


In general, such mass? matrix is not diagonal, and we need to diagonalize in order to find the 


physical vector masses. For example, in the Glashow—Weinberg—Salam theory of the weak and 
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EM interactions — it’s explained in the — the mass matrix mixes the SU(2) 
gauge field w3 and the U(1) gauge field B,, and the mass eigenstates are the massless EM 


field À, and the massive neural field Z, involved in the weak interactions. 


An additional complication of the GWS theory — or any other theory with non-simple 
gauge group G = G1 x G2 X --- — are different gauge couplings g for different factors G. In 
this case, the g? factor in eq. (61) for the mass? matrix element (M?)@ should be replaced with 
g(a) x g(b) where g(a) is the coupling of the gauge group factor containing the generator T°, 
and likewise for the g(b). Thus, the most general formula for the vector mass matrix stemming 


from the Higgs mechanism is 


koa real | 
Higgs Higgs 

a multiplets 1 multiplets 
(ME) = g(a) 9%) x | D OT Tim H®) + 5 D (OT TaN 


E(m) E(m) 


(62) 


In we shall see how this works in detail, and how the gauge 


couplings affect the eigenstates of the mass matrix. 
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The Higgs scalar field with no massive Higgs particle 


R. K. Nesbet 
IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120-6099, USA 
(Dated: September 29, 2018) 


The postulate that all massless elementary fields have conformal Weyl local scaling symmetry has 
remarkable consequences for both cosmology and elementary particle physics. Conformal symmetry 
couples scalar and gravitational fields. Implications for the scalar field of a conformal Higgs model 
are considered here. The energy-momentum tensor of a conformal Higgs scalar field determines a 
cosmological constant. It has recently been shown that this accounts for the observed magnitude of 
dark energy. The gravitational field equation forces the energy density to be finite, which precludes 


spontaneous destabilization of the vacuum state. 


Scalar field fluctuations would define a Higgs 


tachyon rather than a massive particle, consistent with the ongoing failure to observe such a particle. 


PACS numbers: 04.20.Cv,98.80.-k,14.80.Bn 


INTRODUCTION 


The standard model of spinor and gauge boson fields 
has higher symmetry than does Einstein gravitational 
theory]. For massless fields with definite conformal 
character action integrals are invariant under local Weyl 
(conformal) scaling, guv(x) > gu (a) f A con- 
formal energy-momentum tensor is traceless, while the 
Einstein tensor is not. 

Compatibility can be imposed in gravitational the- 
ory by replacing the Einstein-Hilbert field action by a 
uniquely determined action integral 1, constructed us- 
ing the conformal Weyl tensor Uj. Conformal gravity ac- 
counts for anomalous galactic rotation velocities without 
invoking dark matter]]. Relativistic phenomenology at 
the distance scale of the solar system is preserved. 

An inherent conflict between gravitational and elemen- 
tary particle theory is removed if all massless elementar 
fields have conformal symmetry. Standard cosmology 
postulates uniform, isotropic geometry, described by the 
Robertson-Walker (RW) metric tensor. In RW geom- 
etry, conformal gravitational £, vanishes identically [l], 
but the residual gravitational effect of a conformal scalar 
field is consistent with Hubble expansion [I]. dominated 
in the current epoch by dark energy, with negligible spa- 
tial D : 

In electroweak theory, the Higgs mechanism introduces 
an SU(2) doublet scalar field ® that generates gauge bo- 
son mass . Postulating universal conformal symme- 
try for massless elementary fields, these two scalar fields 
can be identified f). Lagrangian density La for conformal 
scalar field (x) — ®(a)e~°) includes a term depen- 
dent on Ricci scalar R= guy R”, where R”” is the grav- 
itational Ricci tensor]]. In uniform, isotropic geometry 
this determines a modified Friedmann cosmic evolution 
equation|3] consistent with cosmological data back to the 
microwave background epoch[]. 

Implications for the standard electroweak model are 
examined here. The Higgs model Lagrangian density 
contains ALa = (w? — \bib)bi®, where w? and À 


are undetermined positive constants|G]. Units here set 
h =c=1. Lagrangian term A(t)? is conformally co- 
variant. w?®'® breaks conformal symmetry, but can be 
generated dynamically [7]. Conformal symmetry requires 
a term —tRotofi}. Empirical cosmological R > Of], so 
—;R and w? have opposite signs. A consistent theory 
must include (w? — LR)otoR. 


The conformal scalar field equation has exact solutions 
such that PtP = 6% = (w? — ¢R)/2A, if this ratio is pos- 
itive and R is treated as a constant. Only the magni- 
tude of ® is determined. For 4 > 0, a modified Fried- 
mann cosmic evolution equation has been derived f and 
solved to determine cosmological parameters. The resid- 
ual constant term in conformal energy-momentum tensor 
O% defines a cosmological constant (dark energy) [il B) 
Nonzero  produces gauge boson masses|ü]. 


Conformal theory identifies w? with the empirically 


positive cosmological constant|3], but does not specify 
the algebraic sign of parameter À. For the Higgs mecha- 
nism, condition 5 = (w? — 4 R)/2A > 0 requires the sign 
of \ to agree with w? — iR. The scalar field energy den- 
sity determined by the coupled equations derived here is 
necessarily finite for any real value of À. This precludes 
destabilization of the vacuum. 


Fluctuations 6¢ — 0 about an exact solution of the 
scalar field equation satisfy 0,,0“6¢ > —4\¢26¢. If A > 0 
this is a Klein-Gordon equation with m?, = 41083 = 
2(w? — +R), which defines a Higgs boson (dj if R < 6w?. 
In the conformal Higgs model, empirical values of param- 
eters w?, R, and be determine parameter À. It is argued 
here that these parameters, now well-established from 
cosmological and electroweak data, imply À < 0, consis- 
tent with an earlier formal argument]]. Hence fluctua- 
tions of a conformal Higgs scalar field do not satisfy a 
Klein-Gordon equation. This rules out a standard Higgs 
particle of any real mass. Negative m?,, or finite pure 
imaginary mass, would define a tackyontd., if such a par- 
ticle or field could exist, and might justify an experimen- 
tal search for such a tachyon. 


THE MODIFIED FRIEDMANN EQUATION 


In cosmological theory, a uniform, isotropic universe is 
described by Robertson-Walker (RW) metric 
ds? = dt? — a(t) (2 + r?dw?), if c = h = 1 and 
dw? = dé? + sin? 6d¢?. Gravitational field equations are 
determined by Ricci tensor R#” and scalar R. The RW 


metric defines two independent functions £o(t) = Ë and 


&(t) = & + 4, such that R® = 365 and R = 6(£o +1). 
The field equations reduce to Friedmann equations for 
scale factor a(t) and Hubble function h(t) = 4(t). 

If the scalar field required by Higgs symmetry-breaking 
has conformal symmetry, its action integral I must de- 
pend on the Ricci scalar, implying a gravitational effect. 
Because conformal gravitational action integral I, van- 
ishes identically in RW geometry[i], it is consistent to 
assume that uniform cosmological gravity is determined 
by this scalar field. 

Including term (w? — cuves in La, the field equa- 
tion for scalar ® is ô, re = (w? — 4R— 2018). 
Generalizing the Higgs APRE E and neglecting the 
cosmological time Bonne tive of R, constant ® = ġo isa 
global solution if 3 = (w? — 1R). Evaluated for this 
field solution, La = Bu — ER- Ad) = $95(w? — 4R). 

Variational formalism of descival field theory A: eas- 
ily extended to the context of al relativity The 


metric functional derivative = ue of generic action 


integral I = fd*x/—gl is X" = œ + SgML, if 
ÔL = x” ôg uv. The G a no tensor is O#" = 
—2X#". Varying guv for fixed scalar field solution ®, 
metric functional derivative 


PO 1 
= zR ale + 59!" Le 


= igg — irg + Su? gh) a 
implies modified Einstein and Friedmann equations. 
The gravitational field equation driven by energy- 
momentum tensor Of” = —2X# for uniform matter and 
radiation is X$” = 104. Since OH is finite, determined 
by fields independent of ®, X$” must be finite, regardless 
of any parameters of the theory. This precludes sponta- 
neous destabilization of the a Higgs model. 
Defining R = —3/¢2 and A = w°, the modified Ein- 
stein equation is 
1 + = 
R” — geI” + Ag” = ROW. (2) 
Traceless conformal tensor R#” — iR HY here replaces 
the Einstein tensor of standard theory|3]. Cosmological 
constant A is determined by Higgs parameter w?. Non- 
standard parameter K < 0 is determined by the scalar 
field{il BJ. For energy density p = ©% this implies 
-2(R — LR) = & (6) — éolt) = Zip + A). Hence 


uniform, isotropic matter and radiation determine the 
modified Friedmann cosmic evolution equation 


à& k ü 


f(t) -&()=G+5-2=F +h. (8) 

Because the trace of R“” — $Rg!” is identically zero, 
a consistent theory must satisfy the trace condition 
QuAgt” = 4A = —Kg,,O%”. From the definition of an 
energy-momentum tensor, this is just the trace condition 
satisfied in conformal theory[1Q), gu (X£ + XH”) = 0. 
Vanishing trace eliminates the second Friedmann equa- 
tion derived in standard theory. Although the w? term 
in ALə breaks conformal symmetry, a detailed argument 
shows that the trace condition is preserved 


FITS TO COSMOLOGICAL DATA 


The modified Friedmann equation determines dimen- 
sionless scale parameter a(t) = 1/(1 + z(t)), for red- 
shift z(t), and function h(t) = 4(t) in units of cur- 
rent Hubble constant Hy =70.5 km/s/Mpc, such that 
z = 0,a = 1,h = 1 at present time tọ. Distances here are 
in Hubble units c/Ho. 

The modified Friedmann equation depends on nom- 
inally constant parameters, fitted to cosmological data 
for z < z4: a =A =w? >0, k~ 0, B = —2Rpma? > 0, 
and y = 36/4R,(to). 24 = 1090 here characterizes the 
cosmic microwave background, at tą, when radiation be- 
came decoupled from matter. $R,(t) is the ratio of 
baryon to radiation energy densities. Empirical value 
Ri(to) = 688. si is assumed. Scaled energy densities 
Pma? and p,a*, for matter and radiation respectively, 
are constant. In the absence of dark matter, pm œ pb, 
the baryon density. 

The parametrized modified Friedmann equation is 


Dividing this equation by h?(t) implies dimensionless 
sum rule 


m(t) + Q(t) + QE) + Ox (t) + Og (t) = 1, (5) 








where Om(t) = 288) < 0, O,(t) = 260 < 0, 


2 
Q(t) = O > 0, Ox (t) = — TT and Qt) = 
% = —q(t). In contrast to the standard sum rule, Qm 


and Q, are negative, while acceleration parameter Q,(t) 
appears explicitly. 

Hubble expansion is characterized for type Ia super- 
novae by scaled luminosity distance dz as a function of 
redshift z. Here dz (z) = (1+ z)dz, for geodesic distance 
d, corresponding to r, = f cdt/a(t), integrated from t, to 


to. In curved space (for k < 0), d, = Ce), In the 


standard ACDM model[À, radiation density and curva- 
ture Qy can be neglected in the current epoch (z < 1). 
This reduces the sum rule to QA + Êm = 1. Empirical 
value Qa = 0.726 forces Qm to be much larger than can 
be accounted for by observed matter, providing a strong 
argument for dark matter. Mannheim questioned 
this implication, and showed that observed luminosities 
could be fitted equally well for z < 1 with Om = 0, 
using the standard Friedmann equation. However, sum 
rule Q, + Q, = 1 then requires an empirically improb- 
able large curvature parameter 92. Empirical limits are 
Qx © £0.01 

This issue was examined by solving the modified Fried- 
mann equation with parameters k, 6,7 set to zerofä]. Qq 
is determined by the solution. The modified sum rule 
Qa +O, = 1 then presents no problem. Computed dz(z) 
agrees with Mannheim’s empirical function for z < 1 to 
graphical accuracy, using parameter a = Q4 (to) = 0.732 
for Qy(to) = 0. This is consistent with current empirical 
values Qa = 0.726 + 0.015, Q, = —0.005 + 0.0134. Êm 
and Q, can apparently be neglected for z < 1. 

t = 0 is defined by h(t) = 0 in the conformal model, 
which describes an initial inflationary epoch|3]. The 
modified Friedmann equation was solved numerically for 
0 < t < tof, with parameters fitted to dz(z) for 
z < 1, to shift parameter R(z,.){12], and to acoustic 
scale ratio {4(z,)[L2]. This determines model parameters 
a = 0.7171, k = —0.01249, 8 = 0.3650 x 1075. Fixed at 
y = 3B/4Ri(to), which neglects dark matter, parameter 
y = 0.3976 x 1078. There is no significant inconsistency 
with model-independent empirical data 

Defining ¢ = $R — w?, the dimensionless sum rule 
determines Å = £9 +; — w? = A(t)?(20,+ m+). For 
a — 0, when both a and k can be neglected, the sum rule 
implies ¢ = h(t)?(Qq +1). For large a, ¢ = h(t)?(2Q,). 
¢ > 0 in both limits, regardless of numerical values, since 
Q > 0. The present empirical parameters imply that Ç 
is positive for all z 

Conformal symmetry is consistent with any real 
value of parameter À. However, in electroweak theory 
Higgs symmetry-breaking requires nonvanishing confor- 
mal scalar field of. A positive value of ¢ implies 











1 
Ago = 5 (w? — GR) =—5¢ <0. (6) 
As argued above, for ¢2 > 0 this conflicts with existence 
of the hypothetical massive Higgs boson. 


DYNAMICAL ESTIMATE OF PARAMETER w’ 


Since term w?6t® in standard parametrized AL 
breaks conformal symmetry, it must be generated dy- 
namically in a consistent theory As shown above, 
this term accounts for dark energy. Dynamically induced 
w? preserves the conformal trace condition 


The Higgs model deduces gauge boson mass from 
an exact solution of the parametrized scalar field 
equation|6]. For interacting fields, this logic can be ex- 
tended to deduce nominally constant field parameters 
from a solution of the coupled field equations. Such a 
solution of nonlinear equations does not depend on lin- 
earization or on perturbation theory. 

Interaction of scalar and gauge boson fields defines 
a quasiparticle scalar field in Landau’s sense: ® is 
dressed via virtual excitation of accompanying gauge 
fields. The derivation summarized here considers gravi- 
tational field g,,, interacting with scalar field ® and U(1) 
gauge field B,. Solution of the coupled semiclassical field 
equations|[7] gives an order-of-magnitude estimate of pa- 
rameter w”, in agreement with the empirical cosmological 
constant, while confirming the Higgs formula for gauge 
boson mass 

The conformal Higgs model assumes incremental La- 
grangian density ALa = wP — \(Ot6)?, with unde- 
termined numerical parameters w? and À. The implied 
scalar field equation is 0,0" + ¢R® = Ee St = (w? 
2r\0'6)®. If R,w?, À are constant, this has an exact so- 
lution İP = $å = (w? — ¢R)/2A, if this ratio is positive. 
For massive complex vector field B,,, parametrized AL 
implies field equation 0, BUY = = SAL ne BH — Jh. 


2 











ôB} 
For interacting fields, both ALa and AL p can be iden- 
tified with incremental Lagrangian “os AL = 


9B" (Oy djia — “Bh Bia" + T sD'BiB"&, (7) 


due to covariant derivatives, with coupling constant gp. 
Evaluated for solutions of the coupled field equations, 





Lol _1 
—— PPB” — iggy!" 8 

= à Be ~ 5 Ib 19b (8) 

implies Higgs mass formula m? = 5908. The fields 


are coupled by current density JE = igy®tO"®. For the 
scalar field, neglecting derivatives of B,, 
1 OAI 1 
a pre — À B; B,)0"# 9 
implies w? = ig? By, BY. 
For ¢ = iR — w? > 0, Pİ = ¢2 = —¢/2) solves the 
scalar field equation if À < 0. Ricci an es ) varies on 


a cosmological time scale, so that de =; = zt # 0, for 


2 


constant w° and À. This implies eal but nonvanish- 


ing real go , hence nonzero ae imaginary source current 


density i, = = ige#60° bo = ign se 25. 

Derivatives due to casola cal time dependence act 
as a weak perturbation of SU(2) scalar field solution 
= ($4,0) > (0,0). Neglecting extremely small 
derivatives of the induced gauge fields (but not of ®), 
the gauge field equation reduces to mh B” = JR. Im- 
plied pure imaginary B” does not affect parameter À. 


The coupled field equations imply w% = +g}|B/?, pro- 
portional to ($2)?. Since observable properties depend 
only on |B|?, a pure imaginary virtual field implies no 
obvious physical inconsistency. Gauge symmetry is bro- 
ken in any case by a fixed field solution. The scalar field 
is dressed by the induced gauge field. 

Numerical solution of the modified Friedmann 
equation 3, [À implies C(to) = 1.224 x 10~%eV?, at 
present time to. Given do = 180GeV f], À = -C/o = 
—0.189 x 10788. 

U(1) gauge field B, does not affect À. Using |B|? = 
|Jel?/ms, Jel? = 92(2)?266 and m?, = $9249, the dy- 
namical value of w? due to B, is wz = 4g2|B|? = (22. 

From the solution of the modified Friedmann 
equationfA, $2 (to) = —2.651 and w? = 7.027, in Hub- 
ble units, so that wg = 2.651hHp = 3.984 x 10 %eV in 
energy units. This can be considered only an order-of- 
magnitude estimate, since time dependence of the as- 
sumed constants, implied by the present theory, was 
not considered in fitting empirical cosmological datali). 
Moreover, the SU(2) gauge field has been omitted. 


NOTE ON DARK MATTER 


As stated inf, interpretation of parameter Qm may 
require substantial revision of the standard cosmological 
model. Directly observed inadequacy of Newton-Einstein 
gravitation may imply the need for a modified theory 
rather than for inherently unobservable dark matter. 

Mannheim has applied conformal gravity to anoma- 
lous galactic rotation], fitting observed data for a set 
of galaxies covering a large range of structure and lu- 
minosity. The role played in standard ACDM by dark 
matter, separately parametrized for each galaxy, is taken 
over in conformal theory for Schwarzschild geometry by 
an external linear radial potential. The remarkable fit 
to observed data shown ini [Sect.6.1,Fig.1] requires only 
two universal parameters for the whole set of galaxies. 

As discussed by Mannheim[i][Sects.6.3,9.3], a signifi- 
cant conformal contribution to centripetal acceleration is 
independent of total galactic luminous mass. This im- 
plies an external cosmological source. Such an isotropic 
source would determine an inherently spherical halo of 
gravitational field surrounding any galaxy. Quantita- 
tive results for lensing and for galactic clusters should 
be worked out before assuming dark matter. 


CONCLUSIONS 


This paper is concerned with determining parameters 
w? and À in the incremental Lagrangian density of the 
Higgs model, ALa = (w?—)bib)æi®. Fitting the mod- 
ified Friedmann equation to cosmological datali implies 


dark energy parameter Q, = w? = 0.717, so that empir- 
ical w = V0.717hHo = 1.273 x 10733eV. 

The modified Friedmann equation determines the time 
derivative of the cosmological Ricci scalar, which implies 
nonvanishing source current density for induced U(1) 
gauge field B,, treated here as a classical field in semiclas- 
sical coupled field equations. The resulting gauge field in- 
tensity estimates the U(1) contribution to w? such that 
wp = 2.651ħHo = 3.984 x 10733eV. This order-of mag- 
nitude agreement between computed wg and empirical w 
supports the conclusion that conformal theory explains 
both the existence and magnitude of dark energy (/]. 

The present argument obtains an accurate empiri- 
cal value of parameter À from the known dark energy 
parameter|4], from the implied current value of Ricci 
scalar RH], and from scalar field amplitude & deter- 
mined by gauge boson masses The mass parameter 
for a fluctuation of the conformal Higgs scalar field satis- 
fies m2, = 4\¢%. Empirical value À = —0.189 x 1078 is 
negative, implying finite pure imaginary parameter my. 
If such a particle or field could exist or be detected, this 
would define a tachyon |, the quantum version of a clas- 
sical particle that moves more rapidly than light. Ex- 
perimental data rule out a standard massive Higgs boson 
with mass 0 < my < 108GeV . However, a Higgs 
tachyon[S might either not exist at all, or elude detec- 
tion in experiments designed for a classical massive Higgs 
boson. The present results would only be inconsistent if 
experimental Higgs searches to date were capable of de- 
tecting a Higgs tachyon and failed to do so. Conformal 
theory clearly rules out a standard Higgs boson in the 
multi-GeV range. 
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BOSONS SCALAIRES et SUPERSYMÉTRIE 








Pierre FAYET 
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Après les deux exposés précédents 
François Englert: “ Le boson de Brout-Englert-Higgs ” 


Yves Sirois : “ La découverte du boson H au LHC ” 


On sait beaucoup de choses sur les bosons scalaires 


mais pas tout encore ... 


On peut notamment se demander: 








est-ce bien le boson scalaire du Modèle Standard ? 


; de la même sorte ? 
y en a-t-il d’autres 
ou d’une autre sorte ? 


et guelle interprétation plus profonde pourrait-on aussi donner 





à celui qu’on vient de trouver ? 








Quelles réponses ? 








Le boson trouvé à 125 GeV présente bien, à ce stade, 


les caractéristiques attendues du boson de Brout-Englert-Higgs du Modèle Standard 





x OK 


x 
Mais bien d’autres pourraient aussi exister ... 


notamment dans le cadre de la supersymétrie 


* OK 


K 


et enfin ... 





Le BOSON BEH est-il .. UN Z SANS SPIN ? 

















il faut déjà savoir ce qu'est 





un Boson de Brout-Englert-Higgs spin O 





particule associée, notamment, à l’origine des masses 


et à la brisure de la symétrie électrofaible 





un Z ... 
et spin l 
médiateur neutre de Vinteraction faible 











responsable des diffusions de neutrinos par la matière, v + p — v + X ... 


observées au CERN en 1973 


Z se couple au “courant neutre faible” 


(comme le photon au courant électromagnétique) 


découverte du Z en 1983 (masse 91 GeV/c?) 








DEUX SORTES DE PARTICULES ... 








Bosons : particules de spin entier, 0, 1, 2, ..., en unité ħ 


Fermions: particules de spin demi-entier, > 3, …, enunité À 


Pour les particules fondamentales : 





médiateurs des interactions 





Bosons de spin 1: Wt, W-, Z, photon, gluons 











(pas de boson de spin 0 pour le moment ...) 


“constituants de la matière” (au sens large) 


électron, ..., neutrinos, quarks (— proton = uud, neutron = ddu ) 


me | bed We) E) 
6) (3) G) 

















Les BOSONS … 














(spin entier, 0, 1, 2, ..., en unité h) 
A; médiateur neutre de l’interaction faible mz ~ 91 GeV/c? 
spin 1 W+, W- : médiateurs chargés de l'interaction faible mw œ 80 GeV/c? 
photon (y) : médiateur (neutre) de V’int. électromagnétique my = 0 
le mécanisme de Brout-Englert-Higgs (1964) 





permet de donner des masses aux W~ et Z (Weinberg, 1967) 


Un électron dans un champ électromagnétique acquiert une énergie électrostatique E = qV 


Il peut aussi interagir avec un champ de spin 0 © 





et acquérir une masse Me = Ae Q 


(le champ © étant ici supposé uniforme dans tout l’espace) 


ondes — quanta associés à ce champ = 


BOSONS “de Brout-Englert-Higgs” de spin 0 








Plus précisément: LA THÉORIE ÉLECTROFAIBLE (1967) 











y doublet de champs de spin 0 complexe <> 4 composantes réelles (3 phases et 1 module) 


Trois composantes éliminées par le mécanisme BEH, pour donner des masses aux W+ et Z 





Reste la quatrième, | P = y 2 ptp | qui s'ajuste pour minimiser V (p) = A (viv)? — y? vig 
p=v— yp?/àÀ 


quanta associés au champ © — bosons BEH, de spin 0 











La symétrie de jauge reste exacte (et même non brisée) mais maintenant cachée 





(elle est dite ordinairement “spontanément brisée”) 


Différenciation entre interactions faibles (courte portée) et électromagnétique (longue portée) : 


gu Vg + g?v 


MW= 5> Mmz=——; ~ = Mw/cosô; m,= 0; tanô=g/g, e=gsind 


G : 1 
7 = T mrm t (Gr v2)! ~ 246 GeV. 
W 





Couplages scalaires aux quarks et aux leptons, proportionnels aux masses: 


Mg. 
= al 51/4 1/2 
ai — = 2°" GF Mai 


Mais quelle est la masse du boson BEH ?? 
comme chacun sait, my = V2 = V2Xv? … 


mais que vaut À ?? 








40 ans plus tôt, en SUPERSYMÉTRIE, déjà … 











PF, NPB 90, 104 (1975) 


il faut 2 doublets de champs de spin 0 pour la brisure électrofaible (+ éventuel singulet) 
h° hy 
hy hy 
= nouveaux bosons BEH, chargés et neutres H+; H, h, A... 


couplages quartiques fixés par g° et g°, en particulier (g? + g’”)/8 


=> boson neutre de spin 0, de même masse que le Z 








my = Ve = gi +g" 


2 = mz œ~ 91 GeV/c? 











tant que les effets de brisure de supersymétrie ne se font pas sentir 


La supersymétrie fournit un cadre naturel pour un boson scalaire de masse 





Mn = mz ~ 91 GeV/c? 











avant effets de brisure de supersymétrie 





un boson BEH, qui est aussi | un Z de spin 0 











Le boson scalaire du modèle standard est longtemps resté 


sa dernière pièce manquante 





après la découverte du quark top en 1995 
échappant jusqu’en 2012 à tous les recherches expérimentales 


notamment au LEP, qui a établi une borne inférieure de 114 GeV/c? sur sa masse 


* OK 


* 


Beaucoup ont longtemps mis en doute son existence réelle 


particulièrement à partir de la fin des années 1970 


mais pourquoi ? 





Un boson scalaire, élémentaire ou pas ? 











l'existence d’un tel scalaire a été beaucoup mise en question 


de nombreux physiciens ayant longtemps eu 


des doutes sérieux sur l’existence même de champs de spin 0 fondamentaux 


En présence de grandes échelles d’ énergie (>> électrofaible) 
telles meur ~% 10!° GeV ou Mplanck ~ 10! GeV 


ceux-ci devraient tendre à acquérir de grandes masses, 


et disparaître de la théorie de basse énergie 





Nombreux efforts visant à remplacer les champs de spin 0 fondamentaux 


par des champs composés de champs de spin 1/2 











e.g. des champs de techniquarks spécialement introduits dans ce but 
avec une nouvelle interaction de “technicouleur” (SU(4)rc), puis de “technicouleur étendue” 


dans l’espoir d'éviter les champs scalaires fondamentaux 


(sans grand succès à ce jour) 
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Un NOUVEAU BOSON … 











Comme chacun sait 
Le LHC du CERN a découvert en 2012 une nouvelle particule 


depuis longtemps activement recherchée — car nécessaire à la cohérence de la théorie 


de masse ~ 125 GeV/c? 


Elle se désintègre en yy, WW*, ZZ*, bb, TTT, «.. 


C’estun BOSON, presque sûrement de spin 0 (plutôt que 2) 


que l’on pense être le (ou un) 





Boson de Brout-Englert-Higgs 











associé à la brisure spontanée de la symétrie électrofaible SU(2) x U(1) 





et à l’origine des masses (my, mz, me, ...) 


Le boson de Brout-Englert-Higgs est la dernière pièce manquante du 








MODÈLE STANDARD de la physique des particules 





après les découvertes 


des courants faibles neutres (1973) 
du quark charmé c (1974-76) 
des gluons (1979) 


des bosons intermédiaires W+ et Z (1983) 


et du quark top t (1995) 








Obtient-on alors, avec un boson H scalaire (2012) 
et un Modèle Standard qui serait finalement complet, 


une description satisfaisante de la physique des particules ? 














LE MODÈLE STANDARD 











interactions fortes, électromagnétiques et faibles des quarks et leptons 


SU(3) x SU(2) x U(1) 








bosons de jauge (spin 1) : gluons, Wt, W7, Z, photon 
N has 
fermions (spin-5) : quarks, leptons 











+ 1 boson de Brout-Englert-Higgs de spin 0 





associé à la brisure spontanée de la symétrie électrofaible er à l’origine des masses 


potentiel en “chapeau mexicain” ... 


— succés remarquables 


— mais laisse de nombreuses questions sans réponse 


quelques questions 





Est-ce bien le boson scalaire du Modèle Standard ? 





(et aurait-on alors tout compris ?) 


ou cette particule pourrait-elle avoir des propriétés légèrement différentes, 





signes d’une ‘nouvelle physique” au dela du Modèle Standard ? 


Pas de tel signe pour l'instant. Les études se poursuivent ... 


* OO OK 





Est-il le seul ? 











ou peut-il en exister d’autres — neutres ou chargés ? 


comme dans les théories supersymétriques: 





au moins 5 bosons tels bosons scalaires, deux chargés et 3 neutres: 





SUSY = H+, H-; H, h, A, 

















Comment mieux comprendre et interpréter ce boson H ? 








Un seul champ de spin-0 ? ou plusieurs (comme en supersymétrie) ? 


est-il fondamental, ou composé (mais alors de quoi... ) ? 


* Ok OK 


articulation avec les champs de spin I ou = 4 
ngr | ; 
d’où provient son potentiel — et donc sa masse ? 


comment l'échelle de masse associée (~ 100 GeV) peut-elle rester modérée ? 


x x & 
Quoi qu’il en soit, 


le Modèle Standard ne peut être la fin de l’histoire, il doit exister de la 





Nouvelle Physique au delà du Modèle Standard 











(mais laquelle ... ?) 








NOMBREUSES QUESTIONS, dont 











pourquoi 3 familles de quarks et de leptons 
qu'est-ce qui détermine leurs masses, et angles de mélange 


d’où proviennent les (très petites) masses des neutrinos ? 
x OK 
* 
problèmes liés à la conservation ou non-conservation des symétries P et CP... 
origine de la prépondérance de la matière sur l’antimatière 
x OK 


x 


nature de la matière sombre (non-baryonique) de 1’ Univers (~ 26%) 





et de l’ énergie sombre qui semble responsable de l’accélération de son expansion (œ 69%) 


provient-elle d’une constante cosmologique À ? 


—2 


mais pourquoi celle-ci serait-elle aussi incroyablement petite ? (A < 107! L heck 


x OK 
* 


la gravitation, et son inclusion dans le cadre quantique ... 
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— rôle de PESPACE-TEMPS 


et de sa généralisation à des coordonnées supplémentaires 











( “ordinaires”: zr’, xê : ou anticommutantes: 07, comme en supersymétrie ) 





























— 
Dimensions supplémentaires Superespace 
dé (ah, 2,4...) (x, 0) 
dim. spatiales, très petites dim. fermioniques, et anticommutantes 
(x°,æx$ typiquement < 10716 cm) 008 — — gee 


=> Supersymétrie 


(les deux approches peuvent être combinées) 


Autres questions … 


l’éventuelle unification des interactions 








La nature de la MATIÈRE SOMBRE (non-baryonique) de l'Univers 





ca 
des particules neutres, suffisamment massives, 
ayant survécu aux annihilations des premiers instants de l’ Univers … (?) 


(mais pas dans le modèle standard ...) 


alors, une nouvelle sorte de particules ? 





pourquoi seraient-elles stables ? 


il serait bien d’avoir une raison fondamentale ... 





… la supersymétrie — le neutralino 


… la R-parité — sa stabilité 











nouvelles particules, et symétries ... 
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LA SUPERSYMÉTRIE 











peut (en principe) relier les bosons et les fermions 


en changeant le spin des particules d’une demi unité 


Transformations géométriques dans le superespace 





ct 
L’espace-temps x" = | 4 est étendu au superespace (x", 0) 
7 


01 
0 = a coordonnées anticommutantes (de spin 1 ): 0,0; = — 0;0;, (0;)? — () 
on + 


(cf. Principe de Pauli: deux fermions identiques ne peuvent étre dans le méme état quantique) 


{Q,Q} = = ae i 


Algèbre : 
[Q, Pt] = 0 


engendre les translations ... 
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BOSONS 





SUPERSYMETRIE 
<—> 


FERMIONS 








c’est aussi le cadre naturel pour discuter de particules de spin 0 fondamentales ... 


(les mal-aimées de la théorie des champs) 


peut-on alors relier les Bosons, messagers des interactions 





aux Fermions constituants de la matière ? 





et arriver à une sorte d’unification 








FORCES ++ MATIÈRE ?? 








idée très attirante ! 


mais les choses ne se passent pas ainsi... !! 


(contrairement à ce qui est souvent écrit ...) 
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Comment la Nature pourrait-elle être supersymétrique ??? 











il ne semble pas que ce puisse être le cas ... 


Comment briser spontanément la supersymétrie ? 


alors qu’un état supersymétrique a toujours moins d’énergie qu’un autre qui ne l’est pas ... 


et si l’on y arrive, pourquoi le fermion de Goldstone associé n’est-il pas observé ? 


Que faire des fermions de Majorana de ces théories ? 


alors que les quarks et les leptons sont de Dirac ? 


Comment définir des nombres quantiques “fermioniques” B et L conservés 


comment éviter des échanges de particules de spin 0, rendant le proton très instable ? 


et déjà, quels bosons et fermions relier ? 


9 








photon +4 neutrino 
9 
Wr 1 b \ et 


9 
gluons += quarks 


ne convient pas ... 
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LES SUPERPARTENAIRES 











Mais à chaque particule connue pourrait être associée 


une particule image, son reflet par supersymétrie : 


photon + spin-; photino leptons + spin-0 sleptons 
quarks + spin-0 squarks 


gluons +> spin-4 gluinos 


alors: 





bosons connus 4 nouveaux fermions 


fermions connus > nouveaux bosons 








(— pas de relation directe entre les forces et particules connues ... ) 


longtemps moqué comme un signe de l’inutilité de la supersymétrie 


mais maintenant considéré comme “évident” ! 
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Les BOSONS de SPIN 0 











squarks et sleptons: nouveaux bosons de spin-O 


pas de la méme nature que les bosons BEH 


associés à la brisure électrofaible et à l’origine des masses 
Distingués par le nouveau nombre quantique de R parité 


(aussi à l’origine de la stabilité de la matière sombre) 





squarks et sleptons: R-parité — 1 
bosons BEH (et autres): R-parité + 1 











interactions quartiques des champs BEH = interactions de jauge électrofaibles 


g° +g” 
8 


Le = 


2 
g 
(hi hy — hiha + à (hi hal? 


potential quartique du MSSM 
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Le MODÈLE STANDARD SUPERSYMÉTRIQUE 




















Bo (1974-77) 
(contenu minimal) 
Spin 1 Spin 1/2 Spin 0 
gluons g gluinos g 
photon + photino 7 
w+ winos W5 pm 
Z Zinos Zi h bosons 
M BEH 
higgsino h? H, À 
leptons / sleptons l 
quarks q squarks q 














4 neutralinos (au moins) qui se mélangent 


le plus léger, stable — Matière Sombre (?) 


2 doublets = 5 bosons BEH, au moins 
avec mélange H/h, lun d’eux à 125 GeV/c? 
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Le NEUTRALINO le plus léger 





associé au photon, au Z, à un boson de Higgs (ou à tous à la fois) 


doit être stable, par la symétrie de R-parité 
Ry = (1) (— 19847 
associée à une réflexion de la coordonnée anticommutante 0 
0 — —90 


candidat naturel pour la Matière Sombre de l’Univers 





MATIÈRE SOMBRE reliée 
aux médiateurs (~y et Z) des interactions 


et/ou aux bosons BEH 2 











=> recherche de matière sombre aux collisionneurs de particules ... 
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Mais où sont les PARTICULES SUPERSYMÉTRIQUES ... ? 





toujours inobservées, méme au LHC 


expériences ATLAS, CMS => 


Les gluinos et les squarks — s’ils existent — doivent étre 


plus lourds que ~ TeV / C? (dans la plupart des cas) 


à suivre: 





La montée en énergie du LHC, de 8 à 13 TeV 











os oe découverte © 
scénario optimiste: 


(implications considérables ... ) 


elles n’existent pas © 
scénario pessimiste: 
ou sont encore trop lourdes ... © 
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La MUSIQUE des SPARTICULES ... ? 











Les particules supersymétriques pourraient “vibrer” 


(= sparticules, de R-parité —1) 





le long de dimensions supplémentaires cachées … ? 











extrêmement petites (S 10717 cm) 


(R-parité alors associée au fait de parcourir un cycle le long d’une dimension supplémentaire) 


Elles seraient alors très lourdes !! 
(L S107" cme me? ~ Te BZ 6 TeV) 


Plus la dimension est petite, plus la vibration est aigüe, et plus la particule est lourde ... 


r Th 
=> très grandes masses = = © quelques TeV/c? (ou même bien plus ... ?? ) 
C 


perdrait-on alors l'espoir de voir des signes de la supersymétrie ? 
pas forcément ... 
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Des signes de SUPERSYMETRIE dans le secteur de B-E-H ... ? 





Même si les particules supersymétriques demeurent invisibles: 


| hy hy 
deux doublets de spin 0, = 0 
hy hy 





2 bosons chargés H+, H- 
et 3 neutres H, h, À (au moins) 











auto-interactions fixées par les constantes de jauge électrofaibles g, g’ 


masses reliées à My et mz 


Le boson BEH le plus léger ne doit pas être trop lourd … 





c’est une bonne chose pour la supersymétrie que : 


1) trouver un tel boson de spin 0 
2) semble fondamental, plutôt que composé => © 
3) à 125 GeV, et pas plus... 
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Un BOSON h à 125 GeV/c? ? 











MSSM usuel 


avant brisure de SUSY: pas de brisure électrofaible © 


après brisure de SUSY: my, < mz cos 8 + grandes (?) corrections radiatives 
a, aaa aaam 





dépendant de | M; 











(potentiellement problématique ...) © 


N/nMSSM 


singulet S avec interaction (superpotentiel) trilinéaire À Hı Hə S 


(introduit il y a 40 ans, et pas pour “coller” aux résultats expérimentaux ... ) 





avant brisure de SUSY: brisure électrofaible + | mn = mz ©  (nMSSM) 











apres brisure de SUSY: 


beaucoup plus facile d’avoir le boson scalaire le plus léger à 125 GeV/c © 
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Mais on peut aller plus loin: 





“Gauge - BEH UNIFICATION” 











associations entre bosons W*, Z et bosons BEH de spin 0 : 





SUSY SUSY 
spin-1 Z <— <—-  spin-0 BEH boson 











et 


: 4 SUSY SUSY . ce 
spin-l W <— + spin-0 H 


avec aussi des inos de spin-3 


le neutralino le plus léger étant candidat pour la Matière Sombre de l’ Univers 





Les mêmes superchamps W*(x,0,0), Z(x,0,0) peuvent décrire à la fois 
les bosons Wet Z (de spin 1) et les bosons BEH (de spin 0) associés 











dans les notations usuelles le partenaire de spin-0 du Z est 


z = V2 Re (h? sinB — h? cosB), voisinde h à grand tan B 








comportement très voisin de celui d’un H du modèle Standard !! 
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“Gauge-BEH unification” (1974) 


Relie des particules alors inconnues, par une symétrie hypothétique !! 








(quand peu de physiciens prenaient vraiment au sérieux l'existence d’un boson BEH ... ) 


40 ans après, la supersymétrie reste hypothétique, mais les particules sont la ... 





Z (1983) h (2012) 











Possibilité d'interpréter (à un angle de mélange près, éventuellement petit) 








le boson BEH à 125 GeV comme un Z dépourvu de spin 


relié au Z par deux transformations de supersymétrie 




















(à discuter, selon les résultats des expériences, les propriétés de ce boson, 


l’angle de mélange et le mécanisme de brisure de supersymétrie) 


Un premier signe de la supersymétrie ? 





EPJC 74 (2014) 2837 (arXiv:1403.5951) PRD 90 (2014) 015033 (arXiv: 1406.0093) 


http://www. refletsdelaphysique.fr/articles/refdp/pdf/1993/04/refdp_bsfp-91.pdf 


[ Sources et évolution de la physique quantique. Textes fondateurs (Masson; EDP-Sciences) ] 


The Standard Model Higgs Boson 


Part of the Lecture Particle Physics I], UvA Particle Physics Master 2013-2014 


Date: October 2013 
Lecturer: Ivo van Vulpen 
Assistant: Ivan Angelozzi 


Disclaimer 


These are private notes to prepare for the lecture on the Higgs mechanism, part of the of 
lecture Particle Physics II. The first two sections almost entirely based on the book ’Quarks 
and Leptons’ from the authors F. Halzen & A. Martin. The rest is a collection of material 
takes from publications and the documents listed below. 


Material used to prepare lecture: 
o Quarks and Leptons, F. Halzen & A. Martin (main source) 
o Gauge Theories of the Strong, Weak and Electromagnetic Interactions, C. Quigg 
o Introduction to Elementary Particles, D. Griffiths 
o Lecture notes, Particle Physics 1, M. Merk 


Introduction 


On July 4*" 2012 the ATLAS and CMS experiments at CERN presented their results in the 
search for the Higgs boson. The data collected at the Large Hadron Collider (LHC) during 
the first run clearly indicated that a new particle had been observed: the illustrious and 
long sought after Higgs boson. The search for this particle was one of the main reasons the 
LHC was constructed as the Higgs boson. It is not ‘just’ a new particle in particle physics, 
but really forms one of the foundations of the (electroweak sector of the) Standard Model: 
it allows to give masses to both fermions and gauge bosons in a local gauge invariance 
theory, it is at the heart of electroweak unification, quark mixing etc. 


The importance discovery was clear a bit more than a year later when, on October 8t? 2013, 
Francois Englert and Peter Higgs were awarded the Nobel prize in physics: 

“for the theoretical discovery of a mechanism that contributes to our understanding of the 
origin of mass of subatomic particles, and which recently was confirmed through the discov- 
ery of the predicted fundamental particle, by the ATLAS and CMS experiments at CERNs 
Large Hadron Collider” 


In these lectures we will discuss the basics of electroweak symmetry breaking and the role of 
the Higgs mechanism in the Standard Model in quite some detail. We build on the lectures 
Particle Physics I where the electroweak sector if the Standard Model was presented and will 
only briefly touch on Quantum Chromo Dynamics. The last lecture will be a presentation 
on the experimental search, all extracted properties, it’s interpretation and an overview 
of the open questions and problems. Despite the remarkable experimental confirmation of 
the Standard Model, even with the Higgs boson present, it is not able to explain several 
observations like dark matter, the special role of gravity and the expansion of the universe. 
It is these ’irritating’ open questions that make particle physicists believe that the Standard 
Model is only a simplification of a more complex underlying structure. 


1 Symmetry breaking 


After a review of the shortcomings of the model of electroweak interactions in the Standard 
Model, in this section we study the consequences of spontaneous symmetry breaking of 
(gauge) symmetries. We will do this in three steps of increasing complexity and focus on 
the principles of how symmetry breaking can be used to obtain massive gauge bosons by 
working out in full detail the breaking of a local U(1) gauge invariant model (QED) and 
give the photon a mass. 


1.1 Problems in the Electroweak Model 


The electroweak model, beautiful as it is, has some serious shortcomings. 


1] Local SU(2)1 x U(1)y gauge invariance forbids massive gauge bosons 


In the theory of Quantum ElectroDynamics (QED) the requirement of local gauge invari- 
ance, i.e. the invariance of the Lagrangian under the transformation ¢ — e’¢ plays a 
fundamental role. Invariance was achieved by replacing the partial derivative by a covariant 
derivative, ô, — D, = 0, — ieA, and the introduction of a new vector field A with very 
specific transformation properties: À, — À, + toa. This Lagrangian for a free particle 


then changed to: 


1 
LQED = Lia T Lint on alu, 


which not only ‘’explained’ the presence of a vector field in nature (the photon), but also 
automatically yields an interaction term Lin = eJ“A, between the vector field and the 
particle as explained in detail in the lectures on the electroweak model. Under these sym- 
metry requirements it is unfortunately not possible for a gauge boson to acquire a mass. In 
QED for example, a mass term for the photon, would not be allowed as such a term breaks 
gauge invariance: 


1 1 1 1 1 
ay AA” = 5 (Ap +- Soua)(AF +- 20 F 5 AA 


The example using only U(1) and the mass of the photon might sounds strange as the 
photon is actually massless, but a similar argument holds in the electroweak model for the 
W and Z bosons, particles that we know are massive and make the weak force only present 
at very small distances. 


2] Local SU(2), x U(1)y gauge invariance forbids massive fermions 


Just like in QED, invariance under local gauge transformations in the electroweak model 
requires introducing a covariant derivative of the form D, = 0, + igi? - W, + ig’ Y B, 
introducing a weak current, J¥°** and a different transformation for isospin singlets and 
doublets. A mass term for a fermion in the Lagrangian would be of the form —myww, but 
such terms in the Lagrangian are not allowed as they are not gauge invariant. This is clear 


when we decompose the expression in helicity states: 


-mpy = -m; (vr + bi) (Yr + wr) i i 
= —my [ýrVr + ViŸrl] , since Wap = VLVr = 0 


Since yz (left-handed, member of an isospin doublet, I = +) and wp (right-handed, isospin 
singlet, I = 0) behave differently under rotations these terms are not gauge invariant: 


de de = eres, 
Yr > yr = Ode 


3] Violating unitarity 


Several Standard Model scattering cross-sections, 
like WW-scattering (some Feynman graphs are 
shown in the picture on the right) violate unitar- 
ity at high energy as o(WW —> ZZ) x E?. This 
energy dependency clearly makes the theory non- 
renormalizable. 





How to solve the problems: a way out 


To keep the theory renormalizable, we need a very high degree of symmetry (local gauge 
invariance) in the model. Dropping the requirement of the local SU(2)1 x U(1)y gauge 
invariance is therefore not a wise decision. Fortunately there is a way out of this situation: 


Introduce a new field with a very specific potential that keeps the full Lagrangian 
invariant under SU(2), x U(1)y, but will make the vacuum not invariant under this 
symmetry. We will explore this idea, spontaneous symmetry breaking of a local gauge 
invariant theory (or Higgs mechanism), in detail in this section. 


The Higgs mechanism: - Solves all the above problems 
- Introduces a fundamental scalar — the Higgs boson ! 


1.2 A few basics on Lagrangians 


A short recap of the basics on Lagrangians we'll be using later. 
L = T(kinetic) — V(potential) 


The Euler-Lagrange equation then give you the equations of motion: 


d (aL) aL _, 
dt \ 04; Ou 





For a real scalar field for example: 


1 1 
Cie = a (9,9) (0%) — LL — Euler-Lagrange >  (0,0" + m°)0 = 0 
ő” 


Klein-Gordon equation 
In electroweak theory, kinematics of fermions, i.e. spin-1/2 particles is described by: 


Lenon id, 0" — myy > Euler-Lagrange > (iy — m) Ÿ = 0 
ee. — 


Dirac equation 


In general, the Lagrangian for a real scalar particle (6) is given by: 


= 2 2 3 4 
L= Qué) + OC, tagt Bo + yeh + So +. D 


kinetic term Constant 2 mass term 3-point int. 4-point int. 


We can interpret the particle spectrum of the theory when studying the Lagrangian under 
small perturbations. In expression (1), the constant (potential) term is for most purposes 
of no importance as it does not appear in the equation of motion, the term linear in the 
field has no direct interpretation (and should not be present as we will explain later), the 
quadratic term in the fields represents the mass of the field/particle and higher order terms 
describe interaction terms. 


1.3 Simple example of symmetry breaking 


To describe the main idea of symmetry breaking we start with a simple model for a real 
scalar field @ (or a theory to which we add a new field ¢), with a specific potential term: 


£ = 30A- 
1 ji 1 
= 7 (ad) -= KA = pe (2) 


Note that £ is symmetric under ¢ — —@ and that À is positive to ensure an absolute 
minimum in the Lagrangian. We can investigate in some detail the two possibilities for the 
sign of u’: positive or negative. 


1.3.1 y? > 0: Free particle with additional interactions 


To investigate the particle spectrum we look at the Lagrangian for 
small perturbations around the minimum (vacuum). The vacuum 
is at ọ = 0 and is symmetric in ¢. Using expression (1) we see that 
V(0) the Lagrangian describes a free particle with mass u that has an 
additional four-point self-interaction: 


A 





1 1 i] 
L= ZOD — 7 Ad" 
Ÿ free particle, mass u interaction 
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1.3.2 y? <0: Introducing a particle with imaginary mass ? 


The situation with u? < 0 looks strange since at first glance it 
would appear to describe a particle 6 with an imaginary mass. 
However, if we take a closer look at the potential, we see that it 
does not make sense to interpret the particle spectrum using the 
field @ since perturbation theory around ¢ = 0 will not converge 
(not a stable minimum) as the vacuum is located at: 





do =4f—-— =v or =) (3) 


As before, to investigate the particle spectrum in the theory, we have to look at small 
perturbations around this minimum. To do this it is more natural to introduce a field 7 
(simply a shift of the @ field) that is centered at the vacuum: 7 = ¢ — v. 


Rewriting the Lagrangian in terms of 7 


Expressing the Lagrangian in terms of the shifted field 7 is done by replacing @ by 7+ v in 
the original Lagrangian from equation (2): 


1 
Kinetic term: £Lxin(n) = 5 (Auln + v)0"(n + v)) 


= = (dun) (Or) , Since 0,0 = 0. 


1 1 
Potential term: V(n) = +=p?(n+v)? + -A(n + v)* 


2 4 
2,2 3, lna lha 
= Avn + run? + -Ant — =", 
4 4 
where we used u? = —Av? from equation (3). Although the Lagrangian is still symmetric 


in @, the perturbations around the minimum are not symmetric in 7, i.e. V(—n) # V(n). 
Neglecting the irrelevant tAv’ constant term and neglecting terms or order 7? we have as 
Lagrangian: 


1 1 1 
Full Lagrangian: £(n) z @un)(0"n) = A077? — Avn? — FA = pu 
1 
= 5(Aun)(O") — Am 


From section 1.2 we see that this describes the kinematics for a massive scalar particle: 


1 
Em? = Au? + my, = V2Av? (- V 2e) Note: m, > 0. 


2 n 


Executive summary on y? < 0 scenario 


At first glance, adding a V(@) term as in equation (2) to the Lagrangian implies adding 
a particle with imaginary mass with a four-point self-interaction. However, when examin- 
ing the particle spectrum using perturbations around the vacuum, we see that it actually 
describes a massive scalar particle (real, positive mass) with three- and four-point self- 
interactions. Although the Lagrangian retains its original symmetry (symmetric in @), the 
vacuum is not symmetric in the field 7: spontaneous symmetry breaking. Note that we 
have added a single degree of freedom to the theory: a scalar particle. 


1.4 Breaking a global symmetry 


In an existing theory we are free to introduce an additional complex scalar field: ¢ = 


7 (o1 + id) (two degrees of freedom): 


L= (LH (p) — V(b)  , with V(@) = BOO) + AO) 


Note that the Lagrangian is invariant under a U(1) global symmetry, i.e. under ¢’ > e"*@ 


since d*o! > ¢* geet = Go. 
The Lagrangian in terms of ¢, and @ is given by: 
Lln da) = SO) + 5 (Opn)? FOA 48) — SAGE + 09)? 
There are again two distinct cases: u? > 0 and u? < 0. As in the previous section, we 


investigate the particle spectrum by studying the Lagrangian under small perturbations 
around the vacuum. 


14.1 w2>0 


This situation simply describes two massive scalar par- 
ticles, each with a mass u with additional interactions: 


1 1 1 1 
L(¢1,¢2) = 5 (dub) = Ho F zu = 5H $ 
See aLL 


particle ġ4, mass ų particle D, mass u 








+ interaction terms 





14.2 p2<0 


When y? < 0 there is not a single vacuum located at 





Ive (> ) , but an infinite number of vacua that satisfy: 
=> 
y+ = 5 =0 
À 
- From the infinite number we choose do as 1 = v and 
9 P2 = 0. To see what particles are present in this model, 





the behaviour of the Lagrangian is studied under small 
oscillations around the vacuum. 





Looking at the symmetry we would use a ae’?. When 
looking at perturbations around this minimum it is nat- o ma, 
ural to define the shifted fields 7 and €, with: 7 = ġı — v f : wa E 

and € = ¢2, which means that the (perturbations around je ney 


[26 
the) vacuum are described by (see section 1.5.2): i 


0, ¿n 


circle of vacua 


Po = Z0 +v + i) ee 5 


Using ¢? = 6*¢ = $[(u +7)? + €7] and u? = —Av? we can rewrite the Lagrangian in terms 
of the shifted fields. 
1 
Kinetic term: Lyin(7,€) = 5 dun +v — i)o” (n + v + i£) 


1 1 
= 5 u)’ + 5 (Oud) , Since 0,0 = 0. 


Potential term: V(n,£) = wo + \6* 
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Neglecting the constant and higher order terms, the full Lagrangian can be written as: 


1 1 
Line) = 5 (An) — (A) + 5 (Oud) +0-& + higher order terms 
a 


Ca 
massive scalar particle 7 massless scalar particle € 


We can identify this as a massive 7 particle and a massless € particle: 





My = V2\v02 = /—2p2 >0 and m =0 


Unlike the 7-field, describing radial excitations, there is no ‘force’ acting on oscillations 
along the €-field. This is a direct consequence of the U(1) symmetry of the Lagrangian and 
the massless particle € is the so-called Goldstone boson. 


Goldstone theorem: 
For each broken generator of the original symmetry group, i.e. for each generator that 
connects the vacuum states one massless spin-zero particle will appear. 


Executive summary on breaking a global gauge invariant symmetry 


Spontaneously breaking a continuous global symmetry gives rise to a massless (Goldstone) 
boson. When we break a local gauge invariance something special happens and the Gold- 
stone boson will disappear. 


1.5 Breaking a local gauge invariant symmetry: the Higgs mech- 
anism 


In this section we will take the final step and study what happens if we break a local gauge 
invariant theory. As promised in the introduction, we will explore its consequences using a 
local U(1) gauge invariant theory we know (QED). As we will see, this will allow to add a 
mass-term for the gauge boson (the photon). 


Local U(1) gauge invariance is the requirement that the Lagrangian is invariant under 
o — eg. From the lectures on electroweak theory we know that this can be achieved 
by switching to a covariant derivative with a special transformation rule for the vector field. 
In QED: 


Où > D,=0,—ieA, [covariant derivatives] 


il 
A, = A+ A [A,, transformation] (4) 


The local U(1) gauge invariant Lagrangian for a complex scalar field is then given by: 


1 
L= (D6)! (Dud) — FFF” — V (6) 
The term +F, F" is the kinetic term for the gauge field (photon) and V(¢) is the extra 
term in the Lagrangian we have seen before: V(¢*@) = (oo) + A(¢*¢@)?. 


1.5.1 Lagrangian under small perturbations 


The situation u? > 0: we have a vacuum at ( à ). The exact symmetry of the Lagrangian 
is preserved in the vacuum: we have QED with a massless photon and two massive scalar 
particles @, and @2 each with a mass ju. 


In the situation u? < 0 we have an infinite number of vacua, each satisfying 9? + 63 = 
—u?/X = v?. The particle spectrum is obtained by studying the Lagrangian under small 
oscillations using the same procedure as for the continuous global symmetry from section 
(1.4.2). Because of local gauge invariance some important differences appear. Extra terms 
will appear in the kinetic part of the Lagrangian through the covariant derivatives. Using 
again the shifted fields 7 and € we define the vacuum as ¢p = zll +) + té]. 
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Kinetic term: Lyin(7,€) = (D“)' (Dio) 
= (Ə! + ied") (Ə, — ieA,)o 
=... see Exercise 1 


Potential term: V(n,€) = Aw?n? , up to second order in the fields. See section 1.4.2. 


The full Lagrangian can be written as: 


1 1 1 1 
L(n,€) = =(Oun)? — Av??? + =(O,€)? — =F F + seu À, — evA,,(O"€) +int.-terms 
2 2 4 2 — mu 
n-particle €-particle photon field i 


(5) 
At first glance: massive 7, massless € (as before) and also a mass term for the pho- 
ton. However, the Lagrangian also contains strange terms that we cannot easily interpret: 
—evA,(O"E). This prevents making an easy interpretation. 


1.5.2 Rewriting the Lagrangian in the unitary gauge 


In a local gauge invariance theory we see that A, is fixed up to a term „a as can be 
seen from equation (4). In general, A, and @ change simultaneously. We can exploit this 
freedom, to redefine A, and remove all terms involving the € field. 


Looking at the terms involving the €-field, we see that we can rewrite them as: 


1 1 1 1 | 1 ; 
OT HOO go A = Gee LA, 5 Zea) = G TAN 
This specific choice, i.e. taking a = —£/v, is called the unitary gauge. Of course, when 


choosing this gauge (phase of rotation a) the field ¢ changes accordingly (see first part of 
section 1.1 and dropping terms of O(£?, n°, En) ): 


| | 1 , 1 ; 1 
=i koh — pi &/v Ey — Pt é/v +i &/v 
>e = € (vu ++) = € (tre = —(v+h 
$ ® 7a! n + ig) Ja! n) Z ) 
Here we have introduced the real h-field. When writing down the full Lagrangian in this 
specific gauge, we will see that all terms involving the €-field will disappear and that the 
additional degree of freedom will appear as the mass term for the gauge boson associated 
to the broken symmetry. 
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1.5.3 Lagrangian in the unitary gauge: particle spectrum 


Lescalar = (D'o)! (D.Q) = V(t) 


TEM L (y 4 — ie as; = 
= (074 a th) (On Au) 75 +h) —V(¢'¢) 


1 1 1 
(ðh)? + 50 Aple +h)? — Av*h? — Avh? — pe + 2 





1 
2 


Expanding (v + h)? into 3 terms (and ignoring 5 Av") we end up with: 


1 1 1 1 
= 5 (Oh)? -Mht FPA,  +evAËRh+ se Anh — Nuh? — TAR" 
mm — i—i U M 
massive scalar gauge field (y) interaction Higgs Higgs self- 


particle h with mass and gauge fields interactions 


1.5.4 A few words on expanding the terms with (v +h)? 


Expanding the terms in the Lagrangian associated to the vector field we see that we do not 
only get terms proportional to A?, i.e. a mass term for the gauge field (photon), but also 
automatically terms that describe the interaction of the Higgs field with the gauge field. 
These interactions, related to the mass of the gauge boson, are a consequence of the Higgs 
mechanism. 


In our model, QED with a massive photon, when expanding se AZ (v + h)? we get: 


1] 5e?v?A*: the mass term for the gauge field (photon) 
Given equation (1) we see that m, = ev. 


Yy 
2] e?v Ah: photon-Higgs three-point interaction chan 
Yy 
KA Y 
3] zeA? h’: photon-Higgs four-point interaction hon 
De 
as Y 


Executive summary on breaking a local gauge invariant symmetry 


We added a complex scalar field (2 degrees of freedom) to our existing theory and broke 
the original symmetry by using a ’strange’ potential that yielded a large number of vacua. 
The additional degrees of freedom appear in the theory as a mass term for the gauge boson 
connected to the broken symmetry (m,) and a massive scalar particle (mp). 
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Exercises lecture 1 











Exercise 1: interaction terms 
a) Compute the ‘interaction terms’ as given in equation (5). 


b) Are the interaction terms symmetric in 7 and € ? 


Exercise 2: Toy-model with a massive photon 


a) Derive expression (14.58) in Halzen & Martin. 
Hint: you can either do the full computation or, much less work, just insert 
o= Z + h) in the Lagrangian and keep A, unchanged. 


b) Show that in this model the Higgs boson can decay into two photons and that 
the coupling h — yy is proportional to m}. 


c) Draw all Feynman vertices that are present in this model and show that Higgs 
three-point (self-)coupling, or h > hh, is proportional to mp. 


d) Higgs boson properties: how can you see from the Lagrangian that the Higgs boson 
is a scalar (spin 0) particle ? What defines the ’charge’ of the Higgs boson ? 


Exercise 3: the potential part: V(¢'¢) 


Use in this exercise ¢ = z +h) and that ¢ is real (1 dimension). 


a) The normal Higgs potential: V(¢'¢) = u? + A¢* 
Show that im? = \v?, where (do = v). How many vacua are there? 


b) Why is V(¢'¢) = u??? + Bo? not possible ? 
How many vacua are there? 


Terms œ ¢° are allowed since they introduce additional interactions that are not cancelled 
by gauge boson interactions, making the model non-renormalizable. Just ignore this little 
detail for the moment and compute the ’prediction’ for the Higgs boson mass. 


c) Use V(o'd) = 29? — Apt + 366%, with y? < 0, À > 0 and 6 = —2. 
Show that m, (new) = Väm (old), with ’old’: m, for the normal Higgs potential. 
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The Higgs mechanism in the Standard Model 


In this section we will apply the idea of spontaneous symmetry breaking from section 1 to 
the model of electroweak interactions. With a specific choice of parameters we can obtain 
massive Z and W bosons while keeping the photon massless. 


2.1 


Breaking the local gauge invariant SU(2), x U(1)y symmetry 


To break the SU(2)1 x U(1)y symmetry we follow the ingredients of the Higgs mechanism: 


1) 


Add an isospin doublet: 





6=( 4 ) = (St | 

p° V2 \ 3 + tba 

Since we would like the Lagrangian to retain all its symmetries, we can only add 
SU(2)L x U(1)y multiplets. Here we add a left-handed doublet (like the electron 
neutrino doublet) with weak Isospin L, The electric charges of the upper and lower 


component of the doublet are chosen to ensure that the hypercharge Y=+1. This 
requirement is vital for reasons that will become more evident later. 


Add a potential V(@) for the field that will break (spontaneously) the symmetry: 


V(d) = uoe) +AA)? , with u? <0 


The part added to the Lagrangian for the scalar field 


Less E (D o) (D, 4) ~~ V(), 


where D, is the covariant derivative associated to SU(2)1 x U(1)y: 


de en 1 
D, =ô, + ig5T W,, + ig' 3Y Bu 
Choose a vacuum: 
We have seen that any choice of the vacuum that breaks a symmetry will generate a 
mass for the corresponding gauge boson. The vacuum we choose has D1=02=@4=0 


and bs = v: 
y o 1I 0 
us LY ir 
1 


This vacuum as defined above is neutral since I = 5, 13 = —; and with our choice of 
Y = +1 we have Q = I + sY=0. We will see that this choice of the vacuum breaks 
SU(2) x U(1)y ,but leaves U(1),,, invariant, leaving only the photon massless. In 
writing down this vacuum we immediately went to the unitary gauge (see section 1.5). 
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2.2 Checking which symmetries are broken in a given vacuum 


How do we check if the symmetries associated to the gauge bosons are broken ? Invariance 
implies that e 766 = ġo, with Z the associated ‘rotation’. Under infinitesimal rotations 
this means (1 + iaZ)¢o = Do > Zoo = 0. 


What about the SU(2),, U(1), and U(1),), generators: 


SU(2)L : T190 


(2) al 
T299 = fa 0 alvin) =} (" 
= 7 ( 


# 0 — broken 





T300 = 


) 
a ) # 0 — broken 
) 


U(l)y : Y do = Ydo zlata) +7 (, p ) #0 + broken 


This means that all 4 gauge bosons (W1, W2, W3 and B) acquire a mass through the Higgs 
mechanism. In the lecture on electroweak theory we have seen that the Wı and W fields 
mix to form the charged Wt and W~ bosons and that the W; and B field will mix to form 
the neutral Z-boson and photon. 


WW W, B 
tnu SL — 
Wt and W- bosons Z-boson and y 


When computing the masses of these mixed physical states in the next sections, we will see 
that one of these combinations (the photon) remains massless. Looking at the symmetries 
we can already predict this is the case. For the photon to remain massless the U(1)gem 
symmetry should leave the vacuum invariant. And indeed: 


2 0 0//2\v+kh 


It is not so strange that U(1),,, is conserved as the vacuum is neutral and we have: 


U(l)jem: Q% = atya 3 z ( x ) = 0 unbroken 


Po — € Pb = bp 


Breaking of SU(2), x U(1)y: looking a bit ahead 


1) W, and W, mix and will form the massive a W* and W7 bosons. 
2) Ws and B mix to form massive Z and massless y. 
3) Remaining degree of freedom will form the mass of the scalar particle (Higgs boson). 


16 


2.3 Scalar part of the Lagrangian: gauge boson mass terms 
Studying the scalar part of the Lagrangian 


To obtain the masses for the gauge bosons we will only need to study the scalar part of the 
Lagrangian: 


Lacs = (D"o)' (D,6) = V(¢) (6) 


The V(@) term will again give the mass term for the Higgs boson and the Higgs self- 
interactions. The (D“¢)'(D,,@) terms: 


Ll, = l 1 0 
Die = Oy + iog? Wa + id 3Y Bu zlata) 


will give rise to the masses of the gauge bosons (and the interaction of the gauge bosons 
with the Higgs boson) since, as we discussed in section 1.5.4, working out the (v-+h)?-terms 
from equation (6) will give us three terms: 


1) Masses for the gauge bosons (x v?) 
2) Interactions gauge bosons and the Higgs (œ vh) and (x h?) 


In the exercises we will study the interactions of the Higgs boson and the gauge boson (the 
terms in 2)) in detail, but since we are here primarily interested in the masses of the vector 
bosons we will only focus on 1): 


(Dig) = - og? W + i578, | (2) 


= goa E) a O ia J) HI (OP vpo, IG) 


_ i ( gWst+9Y¥ooBu — g(Wi — iW) ) ( 0 ) 
g(Wi + iW2) —gW3 + g Ypo Bu U 


= =( g(W, — iW2) ) 
V8 —gW3 +g Ypo By 


We can then also easily compute (D"¢)' : (Dg)! = — (9(Wi + iW2) , (—gW3 + 9 YooBu)) 
and we get the following expression for the kinetic part of the Lagrangian: 


(D"A) (Dud) = 50? [POW + W2) + (-9W3 + dVa Bu) (7) 


2.3.1 Rewriting (D“¢)! (D,,¢) in terms of physical gauge bosons 


Before we can interpret this we need to rewrite this in terms of Wt, W7, Z and y since 
that are the gauge bosons that are observed in nature. 
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1] Rewriting terms with W, and Wz terms: charged gauge bosons W* and W7- 


When discussing the charged current interaction on SU(2), doublets we saw that the charge 
raising and lowering operators connecting the members of isospin doublets were T} and T_, 
linear combinations of 7; and 72 and that each had an associated gauge boson: the Wt and 


W-. 
+ v 
1 0 1 N 
T4 = jen im = (4 5) anc 
4 xf O40 ee 
—— s(n = im) = (3 7 wW ( 





We can rewrite W1, W2 terms as Wt, W- using W= = (W1 F iW). In particular, 
F(a W + TW.) = AW +7TW-). 


Looking at the terms involving W and W; in the Lagrangian in equation (7), we see that: 
g (W? + Ws) = gwt + w~’) or, alternatively, 2g7WtW- (8) 


2] Rewriting terms with W; and B, terms: neutral gauge bosons Z and y 


2 


~99Y, W. 
a + ab = (Wa: By) ( i Di i 
( GW3 T J Xd 1) ( 3 u) —g99'Y bo a B, 


When looking at this expression there are some important things to note, especially related 
to the role of the hypercharge of the vacuum, Ygs: 
1 Only if Ys, 4 0, the W; and B, fields mix. 


2 If Ys, = + 1, the determinant of the mixing matrix vanishes and one of the combina- 
tions will be massless (the coefficient for that gauge field squared is 0). In our choice 
of vacuum we have Yp = +1 (see Exercise 4 why that is a good idea). In the rest of 
our discussion we will drop the term Yp, and simply use its value of 1. 


The two eigenvalues and eigenvectors are given by [see Exercise 3]: 








eigenvalue eigenvector 
7 = Va +? g = Tea ge 3+ 9B,) =A, photon()) 
À = ( 2 + a —+ + g 2 ae, W — 'B ) -Z AR (Z) 
=g g g? TE g’? —g' = Va? + 9? gW3 g u) = Zu 


Looking at the terms involving W3 and B in the Lagrangian we see that: 
(—gWs + 9'Yon Bu)” = (9? + 9 )Zi+0- Ae (9) 
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3] Rewriting Lagrangian in terms of physical fields: masses of the gauge bosons 


Finally, by combining equation (8) and (9) we can rewrite the Lagrangian from equation 
(7) in terms of the physical gauge bosons: 
1 


(D6)! (Dy) = au (Wty + (Wo)? + (9? + IZDA (10) 


2.4 Masses of the gauge bosons 
2.4.1 Massive charged and neutral gauge bosons 


As a general mass term for a massive gauge boson V has the form MV2, from equation 
(10) we see that: 


1 
Mw+ = Mw- = 29 


1 
Mz = oh (9? + 9’) 


Although since g and g’ are free parameters, the SM makes no absolute predictions for Mw 
and Mz, it has been possible to set a lower limit before the W- and Z-boson were discovered 
(see Exercise 2). The measured values are My = 80.4 GeV and Mz = 91.2 GeV. 


Mass relation W and Z boson: 


Although there is no absolute prediction for the mass of the W- and Z-boson, there is a 
clear prediction on the ratio between the two masses. From discussions in QED we know 
the photon couples to charge, which allowed us to relate e, g and g’ (see Exercise 3): 


e = gsin(@w) = g’ cos(Ow) (11) 


In this expression Ow is the Weinberg angle, often used to describe the mixing of the W3 
and B, -fields to form the physical Z boson and photon. From equation (11) we see that 
g/g =tan(Ow) and therefore: 


Mw tvg 





1 2 
Mz a0 g? + g' 
This predicted ratio is often expressed as the so-called p-(Veltman) parameter: 

M 


et 1 
M2 cos?(Ow) 


p 
The current measurements of the Mw, Mz and 0w confirm this relation. 


2.4.2 Massless neutral gauge boson (y): 
Similar to the Z boson we have now a mass for the photon: M? =), 50: 


M, = 0. (12) 


19 


2.5 Mass of the Higgs boson 


Looking at the mass term for the scalar particle, the mass of the Higgs boson is given by: 
Mp = V 2AV? 


Although v is known (v ~ 246 GeV, see below), since À is a free parameter, the mass of 
the Higgs boson is not predicted in the Standard Model. 





Extra: how do we know v ?: u Gp 
g Gr 1 Fermi: x F 3 
Muon decay: =v =,/—— 


We used Mw = tog. Given Gr = 1.166 - 1075, we 
see that v = 246 GeV. This energy scale is known 
as the electroweak scale. 





EW: « 


Cal 
8M2, 











Exercises lecture 2 





Exercise [1]: Higgs - Vector boson couplings 
In the lecture notes we focussed on the masses of the gauge bosons, i.e. part 1) when 
expanding the ((v + h)*)-terms as discussed in Section 1.5.4 and 2.3. Looking now at the 
terms in the Lagrangian that describe the interaction between the gauge fields and the 
Higgs field, show that the four vertex factors describing the interaction between the Higgs 
boson and gauge bosons: hWW, hhWW, hZZ, hhZZ are given by: 
; ME uv : ME oy ; 

3-point: 2i—* g# and  4-point: 2i-¥g” , with (V= W,Z). 
Note: A vertex factor is obtained by multiplying the term involving the interacting fields 
in the Lagrangian by a factor 7 and a factor n! for n identical particles in the vertex. 


Exercise [2]: History: lower limits on Mw and Mz 


Use the relations e = gsinOw and Gr = (v?V2)~! to obtain lower limits for the masses of 
the W and Z boson assuming that you do not know the value of the weak mixing angle. 
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Exercise [3]: Electroweak mixing: (WŸ,B,) > (A, Za). 
The mix between the w3 and B, fields in the lagrangian can be written in a matrix 
notation: n , r 
— W 
W.B g 99 ) ( ‘i ) 
ae nt 
a) Show that the eigenvalues of the matrix are À, = 0 and Àz = (g? +9”). 


b) Show that these eigenvalues correspond to the two eigenvectors: 


1 1 
Vi = ——(g'W? + gB,) =A, and Vo = ————(gW? — gB,) =Z 
/ g? + ge i à # /g? + g’? H j E 
c) bonus: Imagine that we would have chosen Y; p= What, in that scenario, would 


be the (mass-)eigenvectors À, and Z’ w the nn and ’Z-boson’ ? In such a model, 


what would be their masses ? Compare them to those in the Standard Model. 


Exercise [4]: A closer look at the covariant derivative 
The covariant derivative in the electroweak theory is given by: 


Y => => 
D, = On + ig 5 Bu +igT - W, 
Looking only at the part involving w? and B, show that: 


D, =0,+iA,— (z >) AAE ( 2T eX) 
= Li 3 + Ht g 1379 > 
H H H [G2 + G2 9 K [G2 4g? 2 


Make also a final interpretation step for the A, part and show that: 





1 


Y 
= ooe and T3 + — = Q, the electric charge. 
/ g’? + g? 2 
c) bonus: Imagine that we would have chosen Fa = —]. Show explicitly that in that case 


the photon does not couple to the electric charge. 


Exercise [5] Gauge bosons in a model with an SU(2); symmetry 


Imagine a system described by a local SU(2)1 gauge symmetry (iso-spin only) in which all 
gauge bosons are be massive. Note that this is different from the SU(2), xU(1)y symmetry 
of the SM involving also hypercharge. In this alternative model: 


a) Explain why the Higgs field ¢ needs to be an SU(2)r, doublet. 

b) How many gauge bosons are there and how many degrees of freedom does ¢ have ? 

c) Determine the masses of the gauge bosons in this model. 

d) What property of the particles do the gauge bosons couple to and what defines the 
charge’ of the gauge bosons themselves ? 
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3 Fermion masses, Higgs decay and limits on mp 


In this section we discuss how fermions acquire a mass and use our knowledge on the 
Higgs coupling to fermions and gauge bosons to predict how the Higgs boson decays as a 
function of its mass. Even though the Higgs boson has been discovered, we also discuss 
what theoretical information we have on the mass of the Higgs boson as it reveals the 
impact on the Higgs boson at higher energy scales (evolution of the universe). 


3.1 Fermion masses 


In section 1 we saw that terms like +B, Be and myy were not gauge invariant. Since these 
terms are not allowed in the Lagrangian, both gauge bosons and fermions are massless. 
In the previous section we have seen how the Higgs mechanism can be used to accommo- 
date massive gauge bosons in our theory while keeping the local gauge invariance. As we 
will now see, the Higgs mechanism can also give fermions a mass: ’twee vliegen in een klap’. 


Chirality and a closer look at terms like -myy 


A term like -myy = —m[wrve + vr], i.e. a decomposition in chiral states (see exercise 
1). Such a term in the Lagrangian is not gauge invariant since the left handed fermions 
form an isospin doublet (for example ( ) ) and the right handed fermions form isospin 
singlets like eg. They transform differently under SU(2), x U(1). 





left handed doublet = xz; > Xy =x pe T+iay 


right handed singlet = Yr — Wr = wpe?” 


This means that the term is not invariant under all SU(2), x U(1)y ‘rotations’. 


Constructing an SU(2), x U(1)y invariant term for fermions 


If we could make a term in the Lagrangian that is a singlet under SU(2)1 and U(1)y , it 
would remain invariant. This can be done using the complex (Higgs) doublet we introduced 
in the previous section. It can be shown that the Higgs has exactly the right quantum num- 
bers to form an SU(2); and U(1)y singlet in the vertex: —A/vr¢wp, where À is a so-called 
Yukawa coupling. 


Executive summary: - a term: « Ÿ,Ÿr is not invariant under SU(2), x U(1)y 
- a term: X wide is invariant under SU(2), x U(1)y 


We have constructed a term in the Lagrangian that couples the Higgs doublet to the fermion 
fields: 


Ltormion-mass = —ÀrlVLbR + br] (13) 


When we write out this term we’ll see that this does not only describe an interaction 
between the Higgs field and fermion, but that the fermions will acquire a finite mass if the 
-doublet has a non-zero expectation value. This is the case as Do = 45 ( ae ) as before. 


23 


3.1.1 Lepton masses 


L. hee oan (oy Jeet enor m (7) | 














Ae(v E5 h) lē Ls ] 
= — ELER + ere 
2 LER + EREL 
Ae(v + h)_ 
= ————€e 
v2 
rev _ Ae pe 
= — ee — ee 
V2 v2 
—— or 
electron mass term  electron-higgs interaction 
ÀeU re 
Me — —— X& Me 





v2 v2 


A few side-remarks: 


1) The Yukawa coupling is often expressed as À; = V2 (=) and the coupling of the 
fermion to the Higgs field is 4 = TE, so proportional to the mass of the fermion. 
2) The mass of the electron is not predicted since Àe is a free parameter. In that sense 


the Higgs mechanism does not say anything about the electron mass itself. 


3) The coupling of the Higgs boson to electrons is very small: 
The coupling of the Higgs boson to an electron-pair (x %e = Sed is very small 
compared to the coupling of the Higgs boson to a pair of W-bosons (x gMyy). 


F(h > ee) A (ne) m? 


= ~ 1.5. 107% 
Tih > WW) ywn gMw 4M4, 














3.1.2 Quark masses 


The fermion mass term Ldown = ÀfULOYR (leaving out the hermitian conjugate term {pow 
for clarity) only gives mass to ‘down’ type fermions, i.e. only to one of the isospin doublet 
components. To give the neutrino a mass and give mass to the ’up’ type quarks (u, c, t), 
we need another term in the Lagrangian. Luckily it is possible to compose a new term in 
the Lagrangian, using again the complex (Higgs) doublet in combination with the fermion 
fields, that is gauge invariant under SU(2);, x U(1)y and gives a mass to the up-type quarks. 
The mass-term for the up-type fermions takes the form: 


Lup = XLO OR + h.c., with 


a S -5 ( Pi ) (14) 
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Mass terms for fermions (leaving out h.c. term): 


> + = T 0 7 
down-type: Aa(tit, dr) ddr = Aalt, dr) ( u ) dr = Aqu drdr 


- 4% _ > v _ 

up-type: A„(ūz,drL)Ọ dr Aulüz, dy) ( 0 ) UR = r,v ULUR 

As we will discuss now, this is not the whole story. If we look more closely we’ll see that 
we can construct more fermion-mass-type terms in the Lagrangian that cannot easily be 
interpreted. Getting rid of these terms is at the origin of quark mixing. 


3.2 Yukawa couplings and the origin of Quark Mixing 


This section will discuss in full detail the consequences of all possible allowed quark ’mass- 
like’ terms and study the link between the Yukawa couplings and quark mixing in the 
Standard Model: the difference between mass eigenstates and flavour eigenstates. 

If we focus on the part of the SM Lagrangian that describes the dynamics of spinor (fermion) 
fields w, the kinetic terms, we see that: 


Lkinetic = ih (OMY), 
where 4 = t4? and the spinor fields w. It is instructive to realise that the spinor fields w 
are the three fermion generations can be written in the following five (interaction) repre- 
sentations: 


general spinor field Y? (color, weak iso-spin, hypercharge) 
1) left handed quarks Qt, (3, 2, +1/3) 

2) right handed up-type quarks u vn’ ,1,+4/3) 

3) right handed down-type quarks dk;(3, 1,+1/3) 

4) left handed fermions Li 7:01, 2, —1) 

5) right handed fermions 14,(1, 1, —2) 


In this notation, Q£,(3,2,+1/3) describes an SU(3)c triplet, SU(2), doublet, with hyper- 
charge Y = 1/3. The superscript J implies that the fermion fields are expressed in the 
interaction (flavour) basis. The subscript i stands for the three generations (families). 
Explicitly, QŁ;(3, 2, +1/3) is therefor a shorthand notation for: 


ul LT Togt ok TL AD gt I 40 41 
L _ , Ups Up Ug, Up, Up Coy Cry Ch bay tr tb 
Ko t dt d! di ) - ( di, dl, di EE À ( bi olol j 


We saw that using the Higgs field @ we could construct terms in the Lagrangian of the 
form given in equation (13). For up and down type fermions (leaving out the hermitian 
conjugate term) that would allow us to write for example: 


Léa = — Adown XLOUR — AupXLO Wr 
UE U = 
= y did — Ap a? 
R F2 


= —my did! —m, uu’, 
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where the strength of the interactions between the Higgs and the fermions, the so-called 
Yukawa couplings, had again to be added by hand. 


This looks straightforward, but there is an additional complication when you realize that 
in the most general realization the A’s are matrices. This will introduce mixing between 
different flavours as we will see a little bit later. In the most general case, again leaving out 
the h.c., the expression for the fermion masses is written as: 


sis = YijPridWr; 
= VO), ody VOL 6 ut, ols (15) 
where the last term is the mass term for the charged leptons. The matrices Y4, Y;; and Yj 


are arbitrary complex matrices that connect the flavour eigenstate since also terms like Y 
will appear. These terms have no easy interpretation: 


U = U - U = 
I I I 
—Lyukawa = + —Au—ulu —Aus—— uls —A,,—=s!s +... (16) 
V2 V2 V2 
m 
mass—term down quark 2? mass—term strange quark 


To interpret the fields in the theory as physical particles, the fields in our model should 
have a well-defined mass. This is not the case in equation (16). If we write out all Yukawa 
terms in the Lagrangian we realize that it is possible to re-write them in terms of mixed 
fields that do have a well-defined mass. These states are the physical particles in the theory 


Writing out the full Yukawa terms: 


Since this is the crucial part of flavour physics, we spell out the term YOL @ dr, explicitly 
and forget about the other 2 terms in expression (15): 














OP LD dr = Y(up- -type down-type)/, ( A ) (down-type)x, 
vale OE (So) Yate aE (So) Yate OE ( Sp ) 
— | — F dr 
Me So ) HER, So) EA a) | ( sk 
4 4: bR 
Yai(t b); ( % ) Yall OF So ) Vault OF, ( to ) 
After symmetry breaking we get the following mass terms for the fermion fields: 
Lana = VO $ dri + YYOL È Ukg 
= Vad), z thy dh; + ou a Up; +... 
= Midi db, + Miuljuhj +, (17) 


where we omitted the corresponding interaction terms of the fermion fields to the Higgs 
field, gqh(x) and the hermitian conjugate terms. Note that the d’s and w’s in equation (17) 
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still each represent the three down-type and up-type quarks respectively, so the ’mixed’- 
terms are still there. To obtain mass eigenstates, i.e. states with proper mass terms, we 
should diagonalize the matrices M? and M“. We do this with unitary matrices V4 as 
follows: 

Mba = ViMeve 


Mi= ViM 


Using the requirement that the matrices V are unitary (Ve tyg = 1) and leaving out again 
the hermitian conjugate terms the Lagrangian can now be expressed as follows: 


— Lana = ce : Mg dy T ul; M; t Uh; +. 
= dh, VS VÉMIVRVÉ dh, + ul, IE velvemevelvg ukj +. 
dri ( MS) diag drj E Uri (MO) aus URj T saeg 


where in the last line the matrices V have been absorbed in the quark states. Note that 
the up-type and down-type fields are now no longer the interaction states u? and dł, but 
are now ‘simply’ u and d. A bit more explicit, we now have the following quark mass 
eigenstates: 


dis = (V gt; dri = (Vé)idh, 

uri = (Vues Uri = (Va) 
which allowed us to express the quark interaction eigenstates dł, uł as quark mass eigen- 
states d, u. It is now interesting to see how various parts of the Standard Model Lan- 
grangian change when you write them either in the mass or the interaction eigenstates. 
Rewriting interaction terms using quark mass eigenstates 


The interaction terms are obtained by imposing gauge invariance by replacing the partial 
derivative by the covariant derivate 


Lkinetic — ib(D"y,,)b, (18) 


with the covariant derivative defined as D = o” + igir . W,,. The 7’s are the Pauli 
matrices and W# and B” are the three weak interaction bosons and the single hypercharge 
boson, respectively. It is very natural to write the charged current interaction between the 
(left-handed) iso-spin doublet interaction eigenstates that are connected by W-bosons: 


=— a 
Lkinetic, wakl Qz) T iQ) Vp (ə! T IWE T) Qi, 
I 


i(u dry (0" + SW) ( P ) 
iL 
ulr Yu WT “dl, - 


V2 


= duo ui, + idl Yp" dir dE W uj, + 


-7 
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, where we used W* = 5 (WiFiW>), see Section 2. 


If we now express the Lagrangian in terms of the quark mass eigenstates d, u instead 
of the weak interaction eigenstates d’, ul, the ‘price’ to pay is that the quark mixing be- 
tween families (i.e. the off-diagonal elements) appear in the charged current interaction as 
each of the interaction fields is now replaced by a combination of the mass eigenstates: 


I z I -T 
Liste lOr) = JAW Aa + Jah uW uir +- 
g 


= I (VEV yW "dir + dit (VEV a W "un +... 


v2 v2 





The CKM matrix 


The combination of matrices (V/V;" ee a unitary 3x3 matrix is known under the short- 
hand notation Vex, the famous Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix. By 
convention, the interaction eigenstates and the mass eigenstates are chosen to be equal for 
the up-type quarks, whereas the down-type quarks are chosen to be rotated, going from 
the interaction basis to the mass basis: 


uj = uj 
di = Voxmd; 
or explicitly: 
dl Vaa Vaus Vab d 
sl = Ved Ves Væ S (19) 
b! Via Vis Væ b 
From the definition of Voxm it follows that the 
transition from a down-type quark to an up-type u . u 
quark is described by V,4, whereas the transition d Va d Vu 
from an up type quark to a down-type quark is 
described by V,*,, A separate lecture describes in Ww wr 


detail how Voxm allows for CP-violation in the SM. 


Note on lepton masses 


We should note here that in principle a similar matrix exists that connects the lepton 
flavour and mass eigenstates. In this case, contrary to the quarks, the down-type interaction 
doublet-states (charged leptons) are chosen to be the same as the mass eigenstates. The 
rotation between mass and interaction eigenstates is in the neutrino sector. This matrix 
is known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and has a completely 
different structure than the one for quarks. Just like for the CMS matrix, the origin of the 
observed patterns are completely unknown. A last thing to remember: neutrino interaction 
eigenstates are known as Ve, V, and v,, whereas the physical particles, the mass eigenstates, 
are 1, v and 13. 
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3.3 Higgs boson decay 


It is interesting to study details of the Higgs boson properties like its coupling to fermions 
and gauge bosons as that determines if and how the Higgs boson is produced in experiments 
and what the event topology will be. In Section 3.3.3 we list all couplings and as an example 
we'll compute the decay rate fractions of a Higgs boson into fermions as a function of it’s 
unknown mass in Section 3.3.1. 


3.3.1 Higgs boson decay to fermions 


Now that we have derived the coupling of fermions and gauge bosons to the Higgs field, we 
can look in more detail at the decay of the Higgs boson. 
The general expression for the two-body decay rate: 

ar |M}? 

T Sek oys, (20) 
with M the matrix element, |p;| the momentum of the produced particles and S = + for 
n identical particles. In a two-body decay we have ys = mx and |p s| = 3848 (see exercise 
2). Since the Higgs boson is a scalar particle, the Matrix element takes a simple form: 


f 
“iM = (ps) o(p) h 


—Ims 


iM' = (pə) 





u(p1) f 


Since there are no polarizations for the scalar Higgs boson, computing the Matrix element 
squared is ’easy’: 


M? = (TT) S SW) sa(—Pa)tts (P2) (Ws, (P1)0 (2) 
= (= y Us, (P1)(@)s,(P1) >» Us(—P2)Us.(—P2) 
a (2) my +ms)T(- p2 — my) 
= (=) DA #2) — m4Tr(1))] 
= (ML) [ap pe ar 


use: s = (pı — po)? = p? + ps — 2p; - po and since p? = p? = mi 


and s = m? we have m? = 2m° — 2p1 - po 


my 2 2 
= (—) 2m -8 
(Z [2m — 8m] 

; 4m 

, With B = 4/1 - — 

my 
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Including the number of colours (for quarks) we finally have: 
me\2 
M? = (2) 2M? B’ N. 
Decay rate: 


Starting from equation (20) and using M? (above), |p| = 558, S=1 and ys = my we 
get: 








dr — |M}? | | An ae 63 
dQ 32725 7 322 Vo 
Doing the angular integration f dQ = 47 we finally end up with: 


T(h— ff) = a mm ne 


3.3.2 Higgs boson decay to gauge bosons 

The decay ratio to gauge bosons is a bit more tricky, but is explained in great detail in 
Exercise 5. 

3.3.3 Review Higgs boson couplings to fermions and gauge bosons 


A summary of the Higgs boson couplings to fermions and gauge bosons. 


f 
h . 4m? 
ee r(h > ff) = 4s mem, V1 — 2 , with z = —f 
h 
f 
V=W/Z [(h = g 3 3,.2 
h (h> VV) = ME m Syy (1 — x + #2*)/1l—2 
DE M2. 
vai , With z= Hi and Sww,zz = 1, z. 


The decay of the Higgs boson to two off-shell gauge bosons is given by: 


* 3M% . 
V=W/Z Tih > VV*) = sata M dy R(x) , with 
h 
ta de. ô, = 5 — ry sin 0w + À sin* Oy  , with 
wae, R(x) = ee i ) acos (252) = "1229 — 13x + 472?) 





—3(1 — 6x + 427) In(x) 


Since the coupling of the Higgs boson to gauge bosons is so much larger than that to 
fermions, the Higgs boson decays to off-shell gauge bosons even though My«+ My < 2My. 
The increase in coupling ’wins’ from the Breit-Wigner suppression. For example: at m= 
140 GeV, the h > WW* is already larger than h — bb. 
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i Y a? 3 |4 (f) 2 : 
oh. : r(h > yy) = 256702 my 3 uf Ne ef —7 
' A , where e is the fermion’s electromagnetic charge. 
W 
Re Note: - WW contribution & 5 times top contribution 
w Y - Some computation also gives h — yZ 
a? 95 7N;\a ? 
T(h — gluons) = —=— m? |14 =e he 
h J l L ) 72m? ” | ( 4 6 ) T | 
a t 
t Note: - The QCD higher order terms are large. 


- Reading the diagram from right to left you see the dominant 
production mechanism of the Higgs boson at the LHC. 


3.3.4 Higgs branching fractions 





Having computed the branching ratios to 
fermions and gauge bosons in Section 3.3.1 
and Section 3.3.2 we can compute the rel- 
ative branching fractions for the decay of a 
Higgs boson as a function of its mass. The 
distribution is shown here. 


Branching fraction (%) 
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3.4 Theoretical bounds on the mass of the Higgs boson 


Although the Higgs mass is not predicted within the minimal SM, there are theoretical 
upper and lower bounds on the mass of the Higgs boson if we assume there is no new 
physics between the electroweak scale and some higher scale called A. In this section we 
present a quick sketch of the various arguments and present the obtained limits. 


3.4.1 Unitarity 


In the absence of a scalar field the amplitude for elastic scattering of longitudinally polarised 
massive gauge bosons (e.g. WIWI — WIWI) diverges quadratically with the centre-of- 
mass energy when calculated in perturbation theory and at an energy of 1.2 TeV this 
process violates unitarity. In the Standard Model, the Higgs boson plays an important 
role in the cancellation of these high-energy divergences. Once diagrams involving a scalar 
particle (the Higgs boson) are introduced in the gauge boson scattering mentioned above, 
these divergences are no longer present and the theory remains unitary and renormalizable. 
Focusing on solving these divergences alone also yields most of the Higgs bosons properties. 
This cancellation only works however if the Higgs boson is not too heavy. By requiring 


31 


that perturbation theory remains valid an upper limit on the Higgs mass can be extracted. 
With the requirement of unitarity and using all (coupled) gauge boson scattering processes 
it can be shown that: 


Ar 2 
3G pr 
It is important to note that this does not mean that the Higgs boson can not be heavier 


than 700 GeV/c?. It only means that for heavier Higgs masses, perturbation theory is not 
valid and the theory is not renormalisable. 





~ 700 GeV/c?. 


Mpa < 


This number comes from an analysis that uses a partial wave decomposition for the matrix 
element M, i.e.: 


do 1 2 . = 
o oie ,with M = 16r >a + 1)P;(cos 0)a;, 


1=0 





where P, are Legendre polynomials and a; are spin-l partial waves. Since (WW, + Zz + 
Zr + HH)? is well behaved, it must respect unitarity, i.e. |a;| < 1 or |Re(a;)| < 0.5. As the 
largest amplitude is given by: 





mee _Grm 3 
An J2 2 
This can then be transformed into an upper limit on map: 





aix D ae 87 V2 S 1 
a = m = TU USIN = SS 
0 5) h er 3 8 GP V3? 


Mn < 700 GeV using v= 246 GeV. 


This limit is soft, i.e. it means that for Higgs boson masses > 700 GeV perturbation theory 
breaks down. 
3.4.2 Triviality and Vacuum stability 


In this section, the running of the Higgs self-coupling À with the renormalisation scale y is 
used to put both a theoretical upper and a lower limit on the mass of the Higgs boson as 
a function of the energy scale A. 


Running Higgs coupling constant 


Similar to the gauge coupling constants, the coupling À ’runs’ with energy. 


dA 


u By , where t = In(Q°). 


Although these evolution functions (called 5-functions) have been calculated for all SM 
couplings up to two loops, to focus on the physics, we sketch the arguments to obtain these 
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mass limits by using only the one-loop results. At one-loop the quartic coupling runs with 
the renormalisation scale as: 


Ng È 


1 1 , 
= By = I A? + Ahi — ghi + BG. 9') (21) 


, where h, is the top-Higgs Yukawa coupling as given in equation (13). The dominant 
terms in the expression are the terms involving the Higgs self-coupling À and the top quark 
Yukawa coupling h+. The contribution from the gauge bosons is small and explicitly given 
by B(g, 9’) = —ZA(3g? + 9”) + (894 + 2929” + g^). The terms involving the mass of the 
Higgs boson, top quark and gauge bosons can be understood from looking in more detail 
at the effective coupling at higher energy scales, where contributions from higher order 


diagrams enter: 





hy ¢ h hy -h h\ h + h hy # h hy W Yn 
‘gf % eae Pi \ ty \ / 
Ta ~ FAN + Fan K + E| + ae + 
N 4 _ 
h’ sh h7 sh h7 h h h Nh hW” W va 


This expression allows to evaluate the value of \(A) relative to the coupling at a reference 
scale which is taken to be A(v). 


If we study the B-function in 2 special regimes: À >> g,g',h4 or À & g,g', ht, we'll see that 
we can set both a lower and an upper limit on the mass of the Higgs boson as a function 
of the energy-scale cut-off in our theory (A): 


Triviality and Vacuum stability 

ni, — SS amam 

upper bound on m, lower bound on m», 
mp (A) mp" (A) 


3.4.3 Triviality: À > g,g’,h, heavy Higgs boson — upper limit on mp 


For large values of À (heavy Higgs boson since m? = 2\v*) and neglecting the effects from 
gauge interactions and the top quark, the evolution of À is given by the dominant term in 
equation (21) that can be easily solved for \(A): 








dX 3 A(v) 
= = See => A(A) = 22 
dt Ar? (A) 1— 0) ln (43) (22) 


Note: 


- We now have related À at a scale v to À at a higher scale A. We see that as A grows, 
A(A) grows. We should remember that A(v) is related to mp: mx = V—2Av?. 


- There is a scale A at which X(A) is infinite. As A increases, A(A) increases until at 
A=v exp(27?/3X(v)) there is a singularity, known as the Landau pole. 





2 
AN ln (=) = 1 > At a scale A = ve?) (A) is infinite. 


Ar? v2 
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If the SM is required to remain valid up to some cut-off scale A, i.e. if we require A(Q) < 00 
for all Q < A this puts a constraint (a maximum value) on the value of the Higgs self- 
coupling at the electroweak scale (v): A(v)™** and therefore on the maximum Higgs mass 
since mp = ,/2A(v)™*v2. Taking \(A) = oo and ’evolving the coupling downwards’, i.e. 
find A(v) for which (A) = oo (the Landau pole) we find: 


An? 8T?v? 


NUE = a, 
ee, Œ ma <N 3m (E) 


(23) 


For A=10!° GeV the upper limit on the Higgs mass is 160 GeV/c?. This limit gets less 
restrictive as A decreases. The upper limit on the Higgs mass as a function of A from a 
computation that uses the two-loop 6 function and takes into account the contributions 
from top-quark and gauge couplings is shown in the Figure at the end of Section 3.4.4. 


3.4.4 Vacuum stability A < g,g’,h; light Higgs boson — lower limit on mp 


For small À (light Higgs boson since m? = 2\v*), a lower limit on the Higgs mass is found 
by the requirement that the minimum of the potential be lower than that of the unbroken 
theory and that the electroweak vacuum is stable. In equation (21) it is clear that for 
small À the dominant contribution comes from the top quark through the Yukawa coupling 


(he). 





1 3 
Bx = es |-8h + (gt + (9 +9°)?) 


3 4 4 4 
< 0. 


À <0 (not ok) 


Since this contribution is negative, there is 
a scale A for which (A) becomes negative. 
If this happens, i.e. when A(u) < 0 the 
potential is unbounded from below. As there 
is no minimum, no consistent theory can be 
constructed. 





The requirement that À remains positive up to a scale A, such that the Higgs vacuum 
is the global minimum below some cut-off scale, puts a lower limit on A(v) and therefore 
on the Higgs mass: 


dX ie 
Fr By — ACA) — A(v) = By In a) and require A(A) > 0. 
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Ne | | 
Aw) > Bln (=) and A™ (v) = (mp)? > 2A™ (v)u? , so 


N2 
2 2 
m, > 2v Biln (=) 


3 
ne [2My + Mz — 4mi| 


A? 
U 


Note: This result makes no sense, but is meant to describe the logic. If we go to the 
2-loop beta-function we get a new limit: m, > 130 — 140 GeV if A = 10!° GeV. A detailed 
evaluation taking into account these considerations has been performed. The region of 
excluded Higgs masses as a function of the scale A from this analysis is also shown in the 
Figure at the end of Section 3.4.4 by the lower excluded region. 


Summary of the theoretical bounds on the Higgs mass 
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In the Figure on the right the theoretically 
allowed range of Higgs masses is shown as a 
function of A. 
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For a small window of Higgs masses around 
160 GeV/c? the Standard Model is valid up 
to the Planck scale (~ 10!° GeV). For other 200 
values of the Higgs mass the Standard Model Se avi "| 
is only an effective theory at low energy and get ge Pp 
new physics has to set in at some scale A. G46 ae we € int 


Landau pole 

















3.5 Experimental limits on the mass of the Higgs boson 
3.5.1 Indirect measurements 


The electroweak gauge sector of the SM is described by only three independent parameters: 
g, g and v. The predictions for electroweak observables, are often presented using three 
(related) variables that are known to high precision: Gr, Mz and aggp. To obtain predic- 
tions to a precision better than the experimental uncertainties (often at the per mill level) 
higher order loop corrections have to be computed. These higher order radiative corrections 
contain, among others, contributions from the mass of the top quark and the Higgs boson. 
Via the precision measurements one is sensitive to these small contributions and thereby 
to the masses of these particles. 
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Radiative corrections 


An illustration of the possibility to estimate : h aN 
the mass of a heavy particle entering loop wn wr NE A AAA 
corrections is the very good agreement be- b 


tween the estimate of the top quark mass us- | ve | 
ing only indirect measurements and the di- Estimate: me = 177.273; GeV/c 
rect observation. Measurement: my = 173.2 + 0.9 GeV/ c? 


Sensitivity to Higgs boson mass through loop corrections 


Apart from the mass of the W-boson, there are more measurements that provide sensi- 
tivity to the mass of the Higgs boson. A summary of the measurements of several SM 
measurements is given in the left plot of Figures 1. 

While the corrections connected to the top quark behave as m?, the sensitivity to the mass 
of the Higgs boson is unfortunately only logarithmic (~ In mp): 


Mw | 
— quarks higgs 
p = AOT [1 + Agas + Aapee + | 


Me, 3 me? 11 tan Ow Mp 
Oe DEn ee, 
M? cos ôw | ao 9672 l \ Mw i 
The results from a global fit to the electroweak data with only the Higgs mass as a free 
parameter is shown in the right plot of Figure 1. The plot shows the Ay? distribution as a 


function of mp. The green band indicates the remaining theoretical uncertainty in the fit. 
The result of the fit suggested a rather light Higgs boson and it could be summarised by 
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Figure 1: Status of various SM measurements (left) and the Ay? distribution as a function 
of m, from a global fit with only m» as a free parameter (right). Before the discovery. 


the central value with its one standard deviation and the one-sided (95% CL) upper limit: 


mn = 95739 t73 GeV/c? and my < 162 GeV/c? (at 95% CL). 
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3.5.2 Direct measurements 


In July 2012 the ATLAS and CMS experiments at the Large Hadron Collider at CERN 
announced the discovery of the Higgs boson. We will discuss the details of the search for 
the Higgs boson and its discovery in a separate lecture, but we since we cannot have a 
lecture note on the Higgs boson without proof of its discovery I include here 4 plots that 
were in the discovery paper of the ATLAS experiment. 
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Figure 2: Plots from the Higgs discovery paper from ATLAS. Two-photon invariant mass 
distribution (top left), the 4-lepton invariant mass distribution (top right), the p-value as 
a function of the Higgs mass (bottom left) and the measurement of the coupling strength 
of the Higgs boson to gauge bosons and fermions (bottom right). 


All results on the Higgs boson from the ATLAS and CMS experiments at the LHC can be 
found on these locations: 

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults 
CMS: http://cms.web.cern.ch/org/cms-higgs-results 
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Exercises lecture 3 











Exercise 1): Show that üu = (üLur + ürur) 


Exercise 2): 
Show that in a two body decay (a heavy particle M decaying into two particles with mass 
m) the momentum of the decay particles can be written as: 


4 2 
[ps] = V5 9 with 8 =V1-xand r= es 
2 M? 
Exercise 3): Higgs decay into fermions for mp = 100 GeV 
Use mp = 4.5 GeV, m, = 1.8 GeV, me = 1.25 GeV 


a) Compute l'(H-— bb). 
b) Compute l'(H- all) assuming only decay into the three heaviest fermions. 
c) What is the lifetime of the Higgs boson. Compare it to that of the Z boson. 


Exercise 4) H&M exercise 6.16: 
The helicity states À of a massive vector particle can be described by polarization vectors. 


Show that: Ha 
AVA v 

ED = ou + BE 

À 





Exercise 5) Higgs decay to vector bosons 
Computing the Higgs boson decay into gauge bosons (W/Z = V), with boson momenta p, 
q and helicities A, à is a bit more tricky. Let’s go through it step by step. 


a) Draw the Feynman diagram and use the vertex factor you computed last week to show 
that the matrix element squared is given by: 


2 gM? i Hkr vy à B 
M? = (pe) Do E (es) gaal), 
À,ô 


where À and ô are the helicity states of the Z bosons. 


b) Use your results of exercise 4 and work out to show that: 


(a) ea 





where p and q are are the momenta of the two Z bosons. 


d) Show that the matrix element can finally be written as: 


2 M2 
2 g 4 da AM 
a aa ea a m 
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e) Show that the Higgs decay into vector bosons can be written as: 





el 3 
D(h — VV) = RE mi(l — x + je vl — &, 
Ww 


2 
amọ 
Mp 





with x = and Sww,zz = 1, z, 


f) Compute l'(h— WW) for mp, = 200 GeV. 
What is the total width (only WW and ZZ decays)? And the lifetime ? 
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4 Problems with the Higgs mechanism and Higgs searches 


Although the Higgs mechanism cures many of the problems in the Standard Model, there are 
also several ’problems’ associated to the Higgs mechanism. We will explore these problems 
in this section and very briefly discuss the properties of non-SM Higgs bosons. 


4.1 Problems with the Higgs boson 
4.1.1 Problems with the Higgs boson: Higgs self-energy 


Since the Higgs field occupies all of space, the non-zero vacuum expectation value of the 
Higgs field (v) will contribute to the vacuum energy, i.e. it will contribute to the cosmolog- 


ical constant in Einstein’s equations: A = ae Prac: 








Energy density Higgs field: 
With V(¢'d) = 29? + Ad*, The ’depth’ of the potential is: 
L 38,1, 32 2 2 
ne Viol = 5h ue + 20 use u“ = —v 
1 
= = use m? = 2dv? 
1 


2,2 
= —SMRU 
8 





Note that we cannot simply redefine Vmin to be 0, or any arbitrary number since quan- 
tum corrections will always yield a value like the one (order of magnitude) given above. 
The Higgs mass is unknown, but since we have a lower limit on the (Standard Model) 
Higgs boson mass from direct searches at LEP (m, > 114.4 GeV/c”) we can compute the 
contribution of the Higgs field to Pyac. 


: 1 
Higgs _ Lm22 
vac g hY 
8 4 . 1 
1 -10° GeV and since GeV = — 


r 
1-108 GeV/r? (energy density) 


Measured vacuum energy density: 
An experiment to measure the energy density in vacuum and the energy density in matter 
has shown: 


Qm + 30% and Na & 70% ~ 107 GeV — empty space is really quite empty. 


Problem: + 1054 orders of magnitude mismatch. 
e Why is the universe larger than a football ? 
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4.1.2 Problems with the Higgs boson: the hierarchy problem 


In the electroweak theory of the SM, loop corrections are small. In the loops the integration 
is done over momenta up to a cut-off value A. 


Success of radiative corrections: 
When we discussed the sensitivity of the electroweak measurements 


to the mass of the Higgs boson through the radiative corrections, t 
the example of the prediction of the top quark mass was mentioned: ANA 
Indirect estimate: mu = 178733 GeV/c? . 
Direct result: m, = 172.4 + 1.2 GeV/c? 


Failure of radiative corrections: 
Also the Higgs propagator receives quantum corrections. 


mp = m4 Amie 4 AmE Amies +... The corrections from the fermions (mainly 
from the top quark) are large. Expressed in 
terms of the loop-momentum cut-off A given 

wiz h by: 












































t 
h h h 5e h h Th | 
sis --- and 225, Sos Sod Fes 3 
( ) od 2\top _ 242 

t wiz h (Am) “a 
The corrections from the top quark are not small at all, E Correction to Higgs mass 
but huge and of order A. If A is chosen as 101° (GUT) or > Ame | oe 
10% (Planck), and taking the corrections into account E ae pati 
(same order of magnitude), it is unnatural for mp, to be E Amp | mpue 
of order of Mpw(* v). E | 





The hierarchy problem: why is Mew < Mp ? 


Most popular theoretical solution to the hierarchy problem is the concept of Supersymmetry, 
where for every fermion/boson there is a boson/fermion as partner. For example, the top 
and stop (supersymmetric bosonic partner of the top quark) contributions (almost) cancel. 
The quadratic divergences have disappeared and we are left with 


A 
Am? ae ce 
Mp, x (m4 — ms) In (>) 


4.2 Higgs bosons in models beyond the SM (SUSY) 


When moving to a supersymmetric description of nature we can no longer use a single Higgs 
doublet, but will need to introduce at least two, because: 


A) In the SM we used ¢/¢° to give mass to down/up-type particles in SU(2), doublets. 
In susy models these two terms cannot appear together in the Lagrangian. We need 
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an additional Higgs doublet to give mass to the up-type particles. 


B) Anomalies disappear only if in a loop ÿ° + Y¢ = 0. In SUSY there is an additional 
fermion in the model: the partner for the Higgs boson, the Higgsino. This will 
introduce an anomaly unless there is a second Higgsino with opposite hypercharge. 


[ot 0 (8 v 
n=(4)>(s) m el)le) 
Yo, =+1 Yog=—1 


Number of degrees of freedom in SUSY models: 


SM: Add 4 degrees of freedom — 3 massive gauge bosons — 1 Higgs boson (h) 
SUSY: Add 8 degrees of freedom — 3 massive gauge bosons — 5 Higgs boson (h, H, A, Ht, H7) 


parameters:tan(3) = and Ma. 


Note: - Sometimes people choose a = mixing angle to give h,A, similar to 
W3/B,;-mixing to give Z-boson and photon. 
- Mw = sv? + v2 g — v? + v? = v? (246 GeV). 
Differences SM and SUSY Higgses: 


With the new parameters, all couplings to gauge bosons and fermions change: 








give. = gry sin(B — a) | 
susy _ sm _ Sina T(h — bb)SUS¥ 7 sin?(a) 
Inb = Ih cos 8 T(h—bb)M  cos?(8) 
SUSY sms COS T(h— tt)8U8Y  cos?(a) 

Intt = Im — a = Ss 
sin f Ch — tt sin2(3) 


To determine if an observed Higgs sparticle is a SM or SUSY Higgs a detailed investigation 
of the branching fraction is required. Unfortunately, also SUSY does not give a prediction 
for the lightest Higgs boson mass: 
m}, < MZ+6?miop tF My t+... 
< 130 GeV. 
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Exercises lecture 4 











Exercise 1): b-tagging at LEP. 

A Higgs boson of 100 GeV decays at LEP: given a lifetime of a B mesons of roughly 1.6 
picoseconds, what distance does it travel in the detector before decaying ? What is the 
most likely decay distance ? 


Exercise 2): H — ZZ — 4 leptons at the LHC (lepton = e/u). 


a) Why is there a ‘dip’ in te fraction of Higgs bosons that decays to 2 Z bosons (between 
160 and 180 GeV)? 


b) How many events H > ZZ — ete~y*t~ muons are produced in 1 fb~' of data for 
mp= 140, 160, 180 and 200 GeV ? The expected number of evets is the product of 
the luminosity and the cross-section: N = £L- o 


On the LHC slides, one of the LHC experiments shows its expectation for an analysis 
aimed at trying to find the Higgs boson in the channel with 2 electrons and 2 muons. We 
concentrate on m,=140 GeV. 


c) What is the fraction of events in which all 4 leptons have been well reconstructed in 
the detector ? What is the single (high-energy) lepton detection efficiency ? Name 
reasons why not all leptons are detected. 


We do a counting experiment using the two bins around the expected Higgs boson mass 
(we assume for the moment that the background is extremely well known and does not 
fluctuate). In a counting experiment a Poisson distribution describes the probabilities to 
observe x events when À are expected: 


Ae e * 


x! 





PGA) = 


d) Does this experiment expect to be able to discover the m,=140 GeV hypothesis after 
9.3 bre 


e) Imagine the data points was the actual measurement after 9.3 fb-!. Can this experi- 
ment claim to have discovered the Higgs boson at m,=140 GeV? 
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Article Englert & Brout (Augustus 1964) 


VOLUME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AUGUST 1964 
*Work supported in part by the U. S. Atomic Energy (1962). They predict a branching ratio for decay mode 
Commission and in part by the Graduate School from (1) of ~10-*. 
funds supplied by the Wisconsin Alumni Research SN. P. Samios, Phys. Rev. 121, 275 (1961). 
Foundation. "The best previously reported estimate comes from 
IR. Feynman and M. Gell-Mann, Phys. Rev. 109, the limit on K,’ —p*+u7. The 90% confidence level is 
13 (1958). leuxl? <10$ leuvl: M. Barton, K. Lande, L, M, Leder- 
?T. D. Lee and C. N. Yang, Phys. Rev. 119, 1410 man, and William Chinowsky, Ann, Phys. (N.Y.) 5, 
(1960); S. B. Treiman, Nuovo Cimento 15, 916 (1960). 156 (1958). The absence of the decay mode p*— e* +et 
38. Okubo and R. E. Marshak, Nuovo Cimento 28, +e” is not a good test for the existence of neutral cur- 
56 (1963); Y. Ne’eman, Nuovo Cimento 27, 922 (1963). rents since this decay mode may be absolutely forbid- 
‘Estimates of the rate for K* ~ x* +e +e" due to in- den by conservation of muon number: G. Feinberg 


duced neutral currents have been calculated by several and L. M. Lederman, Ann. Rev. Nucl. Sci. 13, 465 
authors. For a list of previous references see Mirza A. (1963). 


Baqi Bég, Phys. Rev. 132, 426 (1963). êS, N. Biswas and S. K. Bose, Phys. Rev. Letters 
ŠM. Baker and S. Glashow, Nuovo Cimento 25, 857 12, 176 (1964). 





BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* 


F. Englert and R. Brout 
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium 
(Received 26 June 1964) 


It is of interest to inquire whether gauge those vector mesons which are coupled to cur- 
vector mesons acquire mass through interac- rents that “rotate” the original vacuum are the 
tion'; by a gauge vector meson we mean a ones which acquire mass [see Eq. (6)]. 
Yang-Mills field? associated with the extension We shall then examine a particular model 
of a Lie group from global to local symmetry. based on chirality invariance which may have a 
The importance of this problem resides in the more fundamental significance. Here we begin 
possibility that strong-interaction physics orig- with a chirality-invariant Lagrangian and intro- 
inates from massive gauge fields related to a duce both vector and pseudovector gauge fields, 
system of conserved currents.’ In this note, thereby guaranteeing invariance under both local 
we shall show that in certain cases vector phase and local »,-phase transformations. In 
mesons do indeed acquire mass when the vac- this model the gauge fields themselves may break 
uum is degenerate with respect to a compact the y, invariance leading to a mass for the orig- 
Lie group. inal Fermi field. We shall show in this case 

Theories with degenerate vacuum (broken that the pseudovector field acquires mass. 
symmetry) have been the subject of intensive In the last paragraph we sketch a simple 
study since their inception by Nambu.‘"‘ A argument which renders these results reason- 
characteristic feature of such theories is the able. 
possible existence of zero-mass bosons which (1) Lest the simplicity of the argument be 
tend to restore the symmetry.™® We shall shrouded in a cloud of indices, we first con- 
show that it is precisely these singularities sider a one-parameter Abelian group, repre- 
which maintain the gauge invariance of the senting, for example, the phase transformation 
theory, despite the fact that the vector meson of a charged boson; we then present the general- 
acquires mass. ization to an arbitrary compact Lie group. 

We shall first treat the case where the orig- The interaction between the y and the A u 
inal fields are a set of bosons w, which trans- fields is 
form as a basis for a representation of a com- i- = 2. 
pact Lie group. This example should be con- Hint wa: Ré LA A B’ 0) 
sidered as a rather general phenomenological 
model. As such, we shall not study the par- where ¢ =(y,+ig,)/¥2. We shall break the 
ticular mechanism by which the symmetry is symmetry by fixing (gy) #0 in the vacuum, with 
broken but simply assume that such a mech- the phase chosen for convenience such that 
anism exists. A calculation performed in low- (p)=(p*)=(w)/V2. 
est order perturbation theory indicates that We shall assume that the application of the 
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theorem of Goldstone, Salam, and Weinberg’ 
is straightforward and thus that the propagator 
of the field w,, which is “orthogonal” to Q}, 
has a pole at g=0 which is not isolated. 

We calculate the vacuum polarization loop 
N „p for the field À, in lowest order pertur- 
bation theory about the self-consistent vacuum. 
We take into consideration only the broken-sym- 
metry diagrams (Fig. 1). The conventional 
terms do not lead to a mass in this approxi- 
mation if gauge invariance is carefully main- 
tained. One evaluates directly 


na) = (2n)tie*le (o,)-(a 4 (Pe). (2) 


Here we have used for the propagator of y, 
the value [i/(27)*]/q*; the fact that the re- 
normalization constant is 1 is consistent with 
our approximation.” We then note that Eq. (2) 
both maintains gauge invariance (I uly = 0) 
and causes the A u field to acquire a mass 


pu? =e{y,)*. (3) 


We have not yet constructed a proof in arbi- 
trary order; however, the similar appearance of 
higher order graphs leads one to surmise the 
general truth of the theorem. 

Consider now, in general, a set of boson-field 
operators 94 (which we may always choose to be 
Hermitian) and the associated Yang-Mills field 
Aa, u: The Lagrangian is invariant under the 
transformation?’ 


ôP 4 La, Aa) a, AB? B’ 


4, u “Li, io i, u* èu <a), (9 


where Cape are the structure constants of a com- 
pact Lie group and Ta, AB the antisymmetric 
generators of the group in the representation de- 
fined by the gp. 

Suppose that in the vacuum (yp,)#0 for some 
B’. Then the propagator of 4 B/Tq ABA 


q ~ P q à.” # 
(a) (b) 
FIG, 1. Broken-symmetry diagram leading to a 
mass for the gauge field. Short-dashed line, (y); 
long-dashed line, #, propagator; wavy line, À, propa- 


gator. (a)— (27)tie gu, (91), (b)— —(2n)'4e%(q,¢,,/¢") 
xip}. 
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X(øp') is, in the lowest order, 


ba 5 Ta, AB" ®B"Ta, ac! Po” 


QDI 4,8", c' LS 
[ -i |} ser 
Lente 


With A the coupling constant of the Yang-Mills 
field, the same calculation as before yields 


M1 “(a)= in) NAT T (6) 


x[g 


2 
M vpl }, 


giving a value for the mass 


A, =-((y)T,T (w)). (6) 


(2) Consider the interaction Hamiltonian 
Aint = ny sv StB by WA g (7) 


where A, and B, are vector and pseudovector 
gauge fields, The vector field causes attraction 
whereas the pseudovector leads to repulsion be- 
tween particle and antiparticle. For a suitable 
choice of € and 7 there exists, as in Johnson’s 
model," a broken-symmetry solution correspond- 
ing to an arbitrary mass m for the field fixing 
the scale of the problem. Thus the fermion 
propagator S(p) is 


S—\(p)=yp-Z(p)=ypl1-5,(p°)]-5,(p*), (8) 
with 


Z,(p°)#0 


m[1-Z,(m?)]-2, (mn?) = 0. 


We define the gauage-invariant current J Fa by 
using Johnson’s method!?: 


J *=-nlimj’ "(x), 
$ p (e+ Oy Yst (x) 


wle) = expli fZ mB (dy MG. (9) 


This gives for the polarization tensor of the 
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pseudovector field 
en Gaya J TS- ol D—405 0 + 40) 


xS(p+ 307 5 


-S(p)2s-*(p)/ ap S(r tap, (10) 


where the vertex function [s =y ys +A s satis- 
v5 YyYs™ “v5 
fies the Ward identity” 


4A, 5( P4450 + 89) =2( D-day, +y$2(p + 34), (11) 


which for low q reads 


9,0 574, tsl1-22l* 2275 
—2(a,p,)(r,p,)(5,/8p°)y. (12) 


The singularity in the longitudinal [5 vertex 
due to the broken-symmetry term 25,7, in the 
Ward identity leads to a nonvanishing gauge- 
invariant I py la) in the limit q— 0, while the 
usual spurious “photon mass” drops because of 
the second term in (10). The mass of the pseudo- 
vector field is roughly rm° as can be checked by 
inserting into (10) the lowest approximation for 
[5 consistant with the Ward identity. 

Thus, in this case the general feature of the 
phenomenological boson system survives. We 
would like to emphasize that here the symmetry 
is broken through the gauge fields themselves. 
One might hope that such a feature is quite gen- 
eral and is possibly instrumental in the realiza- 
tion of Sakurai’s program.* 

(3) We present below a simple argument which 
indicates why the gauge vector field need not 
have zero mass in the presence of broken sym- 
metry. Let us recall that these fields were in- 
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troduced in the first place in order to extend the 
symmetry group to transformations which were 
different at various space-time points. Thus one 
expects that when the group transformations be- 
come homogeneous in space-time, that is q — 0, 
no dynamical manifestation of these fields should 
appear. This means that it should cost no energy 
to create a Yang-Mills quantum at q =0 and thus 
the mass is zero. However, if we break gauge 
invariance of the first kind and still maintain 
gauge invariance of the second kind this reason- 
ing is obviously incorrect. Indeed, in Fig. 1, 
one sees that the À, propagator connects to in- 
termediate states, which are “rotated” vacua. 
This is seen most clearly by writing (y,) =([Q¢2) 
where Q is the group generator. This effect can- 
not vanish in the limit q — 0. 


*This work has been supported in part by the U. S. 
Air Force under grant No. AFEOAR 63-51 and moni- 
tored by the European Office of Aerospace Research. 
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Article Higgs (September 1964) 


DS 
BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIEL 


P. W. HIGGS | 
Tait Institute of Mathematical Physics, University of Edinburgh, Scotland 


Received 27 July 1964 


tly a number of people have discussed 
ie Ci en theorem 1,2. that any solution of a 
Lorentz-invariant theory which violates an inter- 
nal symmetry operation of that theory must cong 
tain a massless scalar particle. Klein and Lee 
showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied a 
their considerations would apply equally well a0 
Lorentz-invariant field theories. Gilbert +, how- 
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ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a Te 
which cannot exist when Lorentz invariance 3 D 
posed on a theory. The purpose of this note by 
show that Gilbert's argument fails for an aed 
tant class of field theories, that in wilen a 
served currents are coupled to gauge fie a © 18 
Following the procedure used by Gilbe , 
us consider a theory of two hermitian scalar 


15 September 1964 





eila), Pə(x) which is invariant under the phase 
transformation 


91 — 91 Cosa + vy sina, 
(1) 
02 >-971 Sin à + g3 cosa . 


Then there is a conserved current j it such that 


iS aba jo), 04] = #20). (2) 


We assume that the Lagrangian is such that sym- 
metry is broken by the nonvanishing of the vacuum 
expectation value of 92. Goldstone's theorem is 
proved by showing that the Fourier transform of 
iP 6), #10))) contains a term 

27 (2)€ ko), 62), where ky is the momentum, 
as a consequence of Lorentz-covariance, the con- 
servation law and eq. (2). 

Klein and Lee 3) avoided this result in the non- 
relativistic case by showing that the most general 
form of this Fourier transform is now, in Gilbert's 
notation, 


BT. = hy py (e?, nk) +n, do (k?, mie) + Can 1,840), 


where #,,, which may be taken as (1, 0, 0, 0), (3) 
picks out a special Lorentz frame. The conver- 
sation law then reduces eq. (3) to the less general 
form 


FT. = ky 8(&)og (nk) + [hn - b,, (nk) Jog (2, nk) 


| +Cgn, 64(à (4) 


E turns out, on applying eq. (2), that all three 
‘terms in eq. (4) can contribute to (y). Thus the 
[Goldstone theorem fails if P4 =0, which is pos- 
Sible only if the other terms exist. Gilbert's re- 
mark that no special timelike vector 2), is avail- 
able in a Lorentz-covariant theory appears to rule 
out this possibility in such a theory. 
| There is however a class of relativistic field 
heories in which a vector » j does indeed play a 
t. This is the class of gauge theories, where 
auxiliary unit timelike vector » u must þe in- 


troduced in order to define a radiation gauge in 
which the vector gauge fields are well delined 
operators, Such theorics are nevertheless Lo- 
rentz-covariant, as has been shown by 
Schwinger 5). (This has, of course, long been 
known of the simplest such theory, quantum elec- 
trodynamics.) There seems to be no reason why 
the vector n | should not appear in the Fourier 
transform under consideration. 

It is characteristic of gauge theories that the 
conservation laws hold in the strong sense, as a 
consequence of field equations of the form 


jf =a Prey, 


(5) 


Except in the case of abelian gauge theories, the 
fields Ay,', Fyp' are not simply the gauge field 
variables A,,, Fuvu, but contain additional terms 
with combinations of the structure constants of 
the group as coefficients. Now the structure of 
the Fourier transform of K[A u' (x), w10)]) must 
be given by eq. (3). Applying eq. (5) to this com- 
mutator gives us as the Fourier transform of 
(fin), w10))) the single term 

[kêz] -ëu (nk) p(k2, nk). We have thus exorcised 
both Goldstone's zero-mass bosons and the 
"spurion" state (at ku = 0) proposed by Klein 
and Lee. 

In a subsequent note it will be shown, by con- 
sidering some classical field theories which dis- 
play broken symmetries, that the introduction of 
gauge fields may be expected to produce qualita- 
tive changes in the nature of the particles de- 
scribed by such theories after quantization, 


4 th a ' 
Puy a a, Ay Py Au . 


References 

1) J.Goldstone, Nuovo Cimento 19 (1961) 154, 

2) J.Goldstone, A. Salam and 8.Weinborg, Phys.Rev. 
127 (1962) 965. 

3) rs is and B.W, Lee, Phys. Rev. Letters 12 (1964) 
66, 

4) W.Gilbert, Phys, Rov. Letters 12 (1964) 713. 

5) J. Schwinger, Phys.Rev. 127 (1962) 324. 


kekk 


47 


VOLUME 13, NuMBER 16 


PHYSICAL REVIEW LETTERS 


Article Higgs (October 1964) 


19 OCTOBER 1964 





BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS 


Peter W. Higgs 
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland 
(Received 31 August 1964) 


In a recent note! it was shown that the Gold- 
stone theorem,’ that Lorentz-covariant field 
theories in which spontaneous breakdown of 
symmetry under an internal Lie group occurs 
contain zero-mass particles, fails if and only if 
the conserved currents associated with the in- 
ternal group are coupled to gauge fields. The 
purpose of the present note is to report that, 
as a consequence of this coupling, the spin-one 
quanta of some of the gauge fields acquire mass; 
the longitudinal degrees of freedom of these par- 
ticles (which would be absent if their mass were 
zero) go over into the Goldstone bosons when the 
coupling tends to zero. This phenomenon is just 
the relativistic analog of the plasmon phenome- 
non to which Anderson” has drawn attention: 
that the scalar zero-mass excitations of a super- 
conducting neutral Fermi gas become longitudi- 
nal plasmon modes of finite mass when the gas 
is charged. 

The simplest theory which exhibits this be- 
havior is a gauge-invariant version of a model 
used by Goldstone? himself: Two real‘ scalar 
fields w,, , and a real vector field A u interact 
through the Lagrangian density 


L= -ivo -ivo 


nr 2 uv 
Ve, + )-4F F m (1) 
where 


v ọ 


=8 - 
afi u91 A > 


v 


=ə 
Me a +eA Pi 


F =8 A -8 À , 
w HV vyu 


e is a dimensionless coupling constant, and the 
metric is taken as -+++, L is invariant under 
simultaneous gauge transformations of the first 
kind on Q, +i, and of the second kind on A. 

Let us suppose that V'(@,*)=0, V’"(y,*)>0; then 
spontaneous breakdown of U(1) symmetry occurs. 
Consider the equations [derived from (1) by 
treating Ay,, Aw,, and A,, as small quantities] 
governing the propagation of small oscillations 
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about the “vacuum” solution ,(x)=0, g(x) = go: 


afa (ag )-epA M (2a) 
{8-4 V lp Hag) =0, (2b) 
a F"” seg {8 lag -epg |}. (2c) 


Equation (2b) describes waves whose quanta have 
(bare) mass 29.{V’"(,")}*/?; Eqs. (2a) and (2c) 
may be transformed, by the introduction of new 
variables 


B =A -(ew )"'a (ay,), 
‘i p Eo a a 


G 


50 B -aB =F_, 
BY SSP eel 


y 


(3) 


into the form 


ee uv 2 2 pi 
aB =0, 8,6 +e Po B' =0. (4) 
Equation (4) describes vector waves whose quanta 
have (bare) mass eg. In the absence of the gauge 
field coupling (e = 0) the situation is quite differ- 
ent: Equations (2a) and (2c) describe zero-mass 
scalar and vector bosons, respectively. In pass- 
ing, we note that the right-hand side of (2c) is 
just the linear approximation to the conserved 
current: It is linear in the vector potential, 
gauge invariance being maintained by the pres- 
ence of the gradient term.® 

When one considers theoretical models in 
which spontaneous breakdown of symmetry under 
a semisimple group occurs, one encounters a 
variety of possible situations corresponding to 
the various distinct irreducible representations 
to which the scalar fields may belong; the gauge 
field always belongs to the adjoint representa- 
tion. The model of the most immediate inter- 
est is that in which the scalar fields form an 
octet under SU(3): Here one finds the possibil- 
ity of two nonvanishing vacuum expectation val- 
ues, which may be chosen to be the two Y =0, 
1,=0 members of the octet.” There are two 
massive scalar bosons with just these quantum 
numbers; the remaining six components of the 
scalar octet combine with the corresponding 
components of the gauge-field octet to describe 
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massive vector bosons. There are two 1=} 
vector doublets, degenerate in mass between 

Y =+1 but with an electromagnetic mass split- 
ting between J,=+4, and the /,=+1 components 
of a Y=0, 1=1 triplet whose mass is entirely 
electromagnetic. The two Y=0, /=0 gauge 
fields remain massless: This is associated 
with the residual unbroken symmetry under the 
Abelian group generated by Y and Z,. It may be 
expected that when a further mechanism (pre- 
sumably related to the weak interactions) is in- 
troduced in order to break Y conservation, one 
of these gauge fields will acquire mass, leaving 
the photon as the only massiess vector particle. 
A detailed discussion of these questions will be 
presented elsewhere. 

It is worth noting that an essential feature of 
the type of theory which has been described in 
this note is the prediction of incomplete multi- 
plets of scalar and vector bosons.’ It is to be 
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‘In the present note the model is | 
classical terms; nothing is proved | 
theory. It should be understood, tt 
conclusions which are presented co 
of particles are conjectures based | 
of linearized classical field equatio 
sentially the same conclusions have 
dependently by F. Englert and R., F 
Letters 13, 321 (1964): These auth 
same model quantum mechanically 
perturbation theory about the self-« 

tn the theory of superconductivit 
from collective excitations of the F 

see, for example, S. L. Glasho 
Ann. Phys. (N.Y.) 15, 437 (1961). 

‘?hese are just the parameters w 
octet interacts with baryons and m 
Gell-Mann—Okubo and electromagn 
See S. Coleman and 8, L. Glashow 
B671 (1964). 
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scalar particles exist have been m: 
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Abstract 


We present a primer on the Standard Model of the elec- 
troweak interaction. Emphasis is given to the historical as- 
pects of the theory’s formulation. The radiative corrections to 
the Standard Model are presented and its predictions for the 
electroweak parameters are compared with the precise exper- 
imental data obtained at the Z pole. Finally, we make some 
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son, the most important challenge of the Standard Model. 
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Chapter 1 


Introduction 


The joint description of the electromagnetic and the weak inter- 
action by a single theory certainly is one of major achievements of 
the physical science in this century. The model proposed by Glashow, 
Salam and Weinberg in the middle sixties, has been extensively tested 
during the last 30 years. The discovery of neutral weak interactions 
and the production of intermediate vector bosons (W* and Z°) with 
the expected properties increased our confidence in the model. Even 
after the recent precise measurements of the electroweak parameters 
in electron—positron collisions at the Z? pole, there is no experimental 
result that contradicts the Standard Model predictions. 





The description of the electroweak interaction is implemented by 
a gauge theory based on the SU(2); ® U(1)y group, which is sponta- 
neously broken via the Higgs mechanism. The matter fields — lep- 
tons and quarks — are organized in families, with the left-handed 
fermions belonging to weak isodoublets while the right-handed com- 
ponents transform as weak isosinglets. The vector bosons, W+, Z° and 
y, that mediate the interactions are introduced via minimal coupling 
to the matter fields. An essential ingredient of the model is the scalar 
potential that is added to the Lagrangian to generate the vector—boson 
(and fermion) masses in a gauge invariant way, via the Higgs mecha- 
nism. A remnant scalar field, the Higgs boson, is part of the physical 
spectrum. This is the only missing piece of the Standard Model that 
still awaits experimental confirmation. 
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In this course, we intend to give a quite pedestrian introduction to 
the main concepts involved in the construction of the Standard Model 
of electroweak interactions. We should not touch any subject “beyond 
the Standard Model”. This primer should provide the necessary back- 
ground for the lectures on more advanced topics that were covered in 
this school, such as W physics and extensions of the Standard Model. 
A special emphasis will be given to the historical aspects of the for- 
mulation of the theory. The interplay of new ideas and experimental 
results make the history of weak interactions a very fruitful laboratory 
for understanding how the development of a scientific theory works in 
practice. More formal aspects and details of the model can be found in 
the vast literature on this subject, from textbooks [fl], B B, A B., 6 [A] to 


reviews [f§, p, (10, (II. 


We start these lectures with a chronological account of the ideas re- 
lated to the development of electromagnetic and weak theories (Section 
LI). The gauge principle (Sec. [.J) and the concepts of spontaneous 
symmetry breaking (Sec. and the Higgs mechanism (Section L4 
are presented. In the Chapter H we introduce the Standard Model, 
following the general principles that should guide the construction of 
a gauge theory. We discuss topics like the mass matrix of the neu- 
tral bosons, the measurement of the Weinberg angle, the lepton mass, 
anomaly cancelation, and the introduction of quarks in the model. We 
finalize this chapter giving an overview on the Standard Model La- 
grangian in Sec. 2.4. In Chapter P} we give an introduction to the ra- 
diative corrections to the Standard Model. Loop calculations are impor- 
tant to compare the predictions of the Standard Model with the precise 
experimental results of Z physics that are presented in Sec. B.J. We 
finish our lectures with an account on the most important challenge 
to the Standard Model: the discovery of the Higgs boson. In Chapter 
A, we discuss the main properties of the Higgs, like mass, couplings 
and decay modes and discuss the phenomenological prospects for the 
search of the Higgs in different colliders. 


Most of the material covered in these lectures can be found in a 
series of very good textbook on the subject. Among them we can point 
out the books from Quigg [ff], Aitchison and Hey [A], and Leader and 
Predazzi [[{]. 


1.1 A Chronology of the Weak Interactions 


We will present in this section the main steps given towards a uni- 
fied description of the electromagnetic and weak interactions. In order 
to give a historical flavor to the presentation, we will mention some 
parallel achievements in Particle Physics in this century, from theoret- 
ical developments and predictions to experimental confirmation and 
surprises. The topics closely related to the evolution and construction 
of the model will be worked with more details. 


The chronology of the developments and discoveries in Particle Phy- 
sics can be found in the books of Cahn and Goldhaber I[J] and the 
annotated bibliography from COMPAS and Particle Data Groups [3]. 
An extensive selection of original papers on Quantum Electrodynamics 
can be found in the book edited by Schwinger [[I4]. Original papers on 
gauge theory of weak and electromagnetic interactions appear in Ref. 


(5). 


1896 | * Becquerel [TG]: evidence for spontaneous radioactivity effect 
in uranium decay, using photographic film. 


* Thomson: discovery of the electron in cathode rays. 

* Planck: start of the quantum era. 

Einstein: start of the relativistic era. 

* Millikan: measurement of the electron charge. 
Rutherford: evidence for the atomic nucleus. 

* Bohr: invention of the quantum theory of atomic spectra. 


1914 | Chadwick [TA]: first observation that the 8 spectrum is continu- 
ous. Indirect evidence on the existence of neutral penetrating particles. 


1919 | Rutherford: discovery of the proton, constituent of the nucleus. 
1923 | * Compton: experimental confirmation that the photon is an 
elementary particle in y + C —> y + C. 


*The “star” (x) means that the author(s) have received the Nobel Prize in Physics 
for this particular work. 
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* de Broglie: corpuscular-wave dualism for electrons. 
* Pauli: discovery of the exclusion principle. 

* Heisenberg: foundation of quantum mechanics. 

* Schrédinger: creation of wave quantum mechanics. 


1927 | Ellis and Wooster [A]: confirmation that the 8 spectrum is con- 
tinuous. 


1927 | Dirac [{9]: foundations of Quantum Electrodynamics (QED). 


1928 |* Dirac: discovery of the relativistic wave equation for electrons; 
prediction of the magnetic moment of the electron. 


1929 | Skobelzyn: observation of cosmic ray showers produced by en- 
ergetic electrons in a cloud chamber. 


1930 | Pauli [2Q]: first proposal, in an open letter, of the existence of a 
light, neutral and feebly interacting particle emitted in (3 decay. 


1930 | Oppenheimer [21]: self-energy of the electron: the first ultravi- 
olet divergence in QED. 


1931 | Dirac: prediction of the positron and anti—proton. 
1932 |* Anderson: first evidence for the positron. 
1932 |* Chadwick: first evidence for the neutron in a+ Be — C +n. 


1932 | Heisenberg: suggestion that nuclei are composed of protons and 
neutrons. 


1934 | Pauli [22]: explanation of continuous electron spectrum of 8 
decay — proposal for the neutrino. 


n—p+e +h. 


Fermi [23]: field theory for 8 decay, assuming the existence of 
the neutrino. In analogy to “the theory of radiation that describes the 
emission of a quantum of light from an excited atom”, eJ,A", Fermi 
proposed a current-current Lagrangian to describe the 8 decay: 


Gr 
V2 


L wask = 


(Pp Yu Wn) (dey wr) - 


1936 | Gamow and Teller [24]: proposed an extension of the Fermi the- 
ory to describe also transitions with AJ Æ 0. The vector currents 
proposed by Fermi are generalized to: 


G 7 pi 7 pi 
f= DN (dT? vn) (Pe Y) , 


with the scalar, pseudo-scalar, vector, axial and tensor structures: 


=i, =", Le, Tt = Ws; T= Cian 


Nuclear transitions with AJ = 0 are described by the interactions 
S.S and/or V.V, while AJ = 0,+1 (0-4 0) transitions can be taken into 
account by A.A and/or T.T interactions (T? — 0 in the non-relativistic 
limit). However, interference between them are proportional to me/Ee 
and should increase the emission of low energy electrons. Since this 
behavior was not observed, the weak Lagrangian should contain, 


S.S or VV and A.A or TT. 


Neddermeyer and Anderson: first evidence for the muon. 
Majorana: Majorana neutrino theory. 

Bloch and Nordsieck [24]: treatment of infrared divergences. 
Williams and Roberts [2@]: first observation of muon decay 


i Se (m2). 


1943 | Heisenberg: invention of the S—matrix formalism. 


1943 | * Tomonaga [PA]: creation of the covariant quantum electrody- 
namic theory. 


1947 | Pontecorvo [Pl]: first idea about the universality of the Fermi 
weak interactions i.e. decay and capture processes have the same ori- 
gin. 


1947 | Bethe [PJ]: first theoretical calculation of the Lamb shift in non— 
relativistic QED. 


1947 |* Kusch and Foley [P0]: first measurement of ge — 2 for the elec- 
tron using the Zeeman effect: ge = 2(1 + 1.19 x 107°). 


1947 |* Lattes, Occhialini and Powell: confirmation of the m~ and first 
evidence for pion decay n° — nu” + (va). 


Rochester and Butler: first evidence for V events (strange par- 
ticles). 

Schwinger [B]]]: first theoretical calculation of ge — 2 for the elec- 
tron: ge = 2(1+a/27) = 2(1 +1.16 x 10 *). The high-precision measure- 
ment of the anomalous magnetic moment of the electron is the most 
stringent QED test. The present theoretical and experimental value of 


ae = (ge — 2)/2, are BJ, 
a" = (115 965 215.4 + 2.4) x 107" , 
aP = (115 965 219.3 + 1.0) x 107" , 


e 














where we notice the impressive agreement at the 9 digit level! 


1948 | * Feynman [BJ]; Schwinger [B4]; Tati and Tomonaga [B5]: cre- 
ation of the covariant theory of QED. 


1949 | Dyson [BA]: covariant QED and equivalence of Tomonaga, Sch- 
winger and Feynman methods. 


1949 | Wheeler and Tiomno [Bf]; Lee, Rosenbluth and Yang [BẸ]: pro- 
posal of the universality of the Fermi weak interactions. Different pro- 
cesses like, 


b — decay : n—p+e +R, 
u— decay : wp —e ++, 
u — capture : W +p—v,+n, 
must have the same nature and should share the same coupling con- 
stant, 
1.03 x 1075 
ar ae 
P 


the so—called Fermi constant. 


50’s | A large number of new particles where discovered in the 50’s: 7°, 


+ 0 E on A SE = 0 = 0 
HA K”, A po JU Va D ADM ay Ay ga 
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1950 | Ward [BJ]: Ward identity in QED. 


1953 | Stiickelberg; Gell-Mann: invention and exploration of renor- 
malization group. 


1954 | Yang and Mills [AG]: introduction of local gauge isotopic invari- 
ance in quantum field theory. This was one of the key theoretical de- 
velopments that lead to the invention of non—abelian gauge theories. 


Alvarez and Goldhaber [Ai]; Birge et al. [HA]: 6 — + puzzle: The 
“two” particles seem to be a single state since they have the same width 
(T =I), and the same mass (Mọ = M,). However the observation of 
different decay modes, into states with opposite parity: 


Ot — ntn, JP = 0*, 


Tt > nt+rt+n, JJ =0, 








suggested that parity could be violated in weak transitions. 


1955 | Lehmann, Symanzik and Zimmermann: beginnings of the ax- 
iomatic field theory of the S—matrix. 


1955 | Nishijima: classification of strange particles and prediction of 
X° and 2°. 

1956 |* Lee and Yang [J]: proposals to test spatial parity conservation 
in weak interactions. 


1957 | Wu et al. [HA]: obtained the first evidence for parity nonconser- 
vation in weak decays. They measured the angular distribution of the 
electrons in 8 decay, 


Co (polarized) — Ni + e7 +7 , 
and observed that the decay rate depend on the pseudo-scalar quan- 
tity: < Jnc > . Pe- 


1957 | Garwin, Lederman and Weinrich [#3]; Friedman and Telegdi 
[HG]: confirmation of parity violation in weak decays. They make the 
measurement of the electron asymmetry (muon polarization) in the de- 
cay chain, 

r? — u” + Vy, 


et + Ve + Du. 
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1957 | Frauenfelder et al. [F1]: further confirmation of parity noncon- 
servation in weak decays. The measurement of the longitudinal polar- 
ization of the electron (5..p.) emitted in 5 decay, 


Co — e (long. polar.) + 2e +X, 


showed that the electrons emitted in weak transitions are mostly left— 
handed. 


The confirmation of the parity violation by the weak interaction 
showed that it is necessary to have a term containing a ys in the weak 
current: 


G Se = us 
Lee = 20 (PoI Yn) [eT (1 ys) D] . 


Note that CP remains conserved since C is also violated. 


1957 | Salam ; Lee and Yang [HI]; Landau [bd]: two-component 


theory of neutrino. This requires that the neutrino is either right or 
left-handed. 


Since it was known that electrons (positrons) involved in weak de- 
cays are left (right) handed, the leptonic current should be written as: 


(1 +75) 


Jop = [Pe A Ea) bo] > de ST" (1495) de 


Therefore the measurement of the neutrino helicity is crucial to 
determine the structure of the weak current. If I’ = V or A then 
{5,1} = 0 and the neutrino should be left-handed, otherwise the cur- 
rent is zero. On the other hand, if I’ = S or T, then [7;, T] = 0, and the 
neutrino should be right-handed. 


Schwinger [51]; Lee and Yang [BA]: development of the idea of 
the intermediate vector boson in weak interaction. The four—fermion 
Fermi interaction is “point-like” i.e. a s-wave interaction. Partial wave 
unitarity requires that such interaction must give rise to a cross section 
that is bound by o < 47/p?,. However, since Gpr has dimension of 
M~?, the cross section for the Fermi weak interaction should go like 
o ~ Gp, Therefore the Fermi theory violates unitarity for pem ~ 300 
GeV. 
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This violation can be delayed by imposing that the interaction is 
transmitted by a intermediate vector boson (IVB) in analogy, once again, 
with the quantum electrodynamics. Here, the IVB should have quite 
different characteristics, due to the properties of the weak interaction. 
The IVB should be charged since the 8 decay requires charge-changing 
currents. They should also be very massive to account for short range 
of the weak interaction and they should not have a definite parity to 
allow, for instance, a V — A structure for the weak current. 


With the introduction of the IVB, the Fermi Lagrangian for leptons, 


Gr 


7 [F(A (e) + hee] , 


Leake = 


where J°(£) = 4,1%, becomes: 
Lex = Gw (JWF + JW) , (1.1) 


with a new coupling constant Gw. 


Let us compare the invariant amplitude for u—decay, in the low— 
energy limit in both cases. For the Fermi Lagrangian, we have, 


G 
Moweak = iT Jale) . (1.2) 


On the other hand, when we take into account the exchange of the 
IVB, the invariant amplitude should include the vector boson propaga- 
tor, 


on kakg\] ¢. 
Miu = li Gwe) gr (duo — 222) | HG) 
At low energies, i.e. for k? < Mj, 


G 
Max =ý ig d'(H)Ja(e) ; (1.3) 


(1.4) 


which shows that G is dimensionless. 


However, at high energies, the theory of IVB still violates unitarity, 
for instance, in the cross section for vy — WtW (see Fig. 1). 








Let us consider the W~ polarization states. At the W~ rest frame, 
we can define the transversal and longitudinal polarizations as 
er, (0) = (0,1,0,0), 
er, (0) = (0,0,1,0), 
e! (0) = (0,0,0,1). 


neutrino 
W+ 


electron 


. . W- 
antineutrino 


Fig. 1: Feynman diagram for the process v +7 — W+ + W~. 


After a boost along the z direction, i.e. for p” = (E,0,0,p), the 
transversal states remain unchanged while the longitudinal state be- 
comes, 


pl E, p" 
e) = (EL, Ep) = 2. 
Mw Mw Mw 
Since the longitudinal polarization is proportional to the vector boson 


momentum, at high energies the longitudinal amplitudes should give 
rise to the worst behavior. 


In fact, in high energy limit, the polarized cross section for vi — 
W+W- behaves like, 
ao(vv — WW; ) — constant 
Gis 
3m ? 








o(vD — WW) — 
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which still violates unitarity for large values of s. 


1958 | Feynman and Gell—Mann [J]; Marshak and Sudarshan [J]; 
Sakurai [69]: universal V — A weak interactions. 


Jet = [Ve — 75) tr] - (1.5) 


1958 | Leite Lopes [BG]: hypothesis of neutral vector mesons exchanged 
in weak interaction. Prediction of its mass of ~ 60 Mproton- 


1958 | Goldhaber, Grodzins and Sunyar [7]: first evidence for the neg- 
ative ve helicity. As mentioned before, this result requires that the 
structure of the weak interaction is V — A. 


1959 | * Reines and Cowan: confirmation of the detection of the 7, in 
De+p—et+n. 

1961 | Goldstone [ÞJ]: prediction of unavoidable massless bosons if 
global symmetry of the Lagrangian is spontaneously broken. 


1961 | Salam and Ward [BI]: invention of the gauge principle as basis 
to construct quantum field theories of interacting fundamental fields. 


1961 | * Glashow [60]: first introduction of the neutral intermediate 
weak boson (Z°). 


1962 |* Danby et al.: first evidence of v, from m= — u? + (v/7). 
1963 | Cabibbo [6J]: introduction of the Cabibbo angle and hadronic 


weak currents. 














It was observed experimentally that weak decays with change of 
strangeness (As = 1) are strongly suppressed in nature. For instance, 
the width of the neutron is much larger than the A’s, 


Pa (Nudd —> Puud eD) > l'As=1 (Auds —> Puud eD) ; 


which yield a branching ratio of 100% in the case of neutron and just 
~ 8 x 107“ for the A. 


The hadronic current, in analogy with leptonic current (I.5), can be 
written in terms of the u, d, and s quarks, 


JE = dyy(1 — y5)u + 3y,(1 — ys)u, (1.6) 
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where the first term is responsible for the As = 0 transitions while 
the latter one gives rise to the As — 1 processes. In order to make 
the hadronic current also universal, with a common coupling constant 
Gr, Cabibbo introduced a mixing angle to give the right weight to the 
As = 0 and As = 1 parts of the hadronic current, 


d' = cosfc sinc d 
G 7 en a (<) ’ (1.7) 


where d’, s' (d, s) are interaction (mass) eigenstates. Now the transition 
d «+ u is proportional to Gr cosc © 0.97 Gr and the 5 + u goes like 
Gr sin c ~ 0.24 Gp. 


The hadronic current should now be given in terms of the new in- 
teraction eigenstates, 


d'y,(1 — 5)u 
cos 0c dy (1 — ys)u + sin ĝo sy,(1— y5)u . (1.8) 


H 
Ju 


1964 | Bjorken and Glashow [61]: proposal for the existence of a charm- 
ed fundamental fermion (c). 


1964 | Higgs [63]; Englert and Brout [64]; Guralnik, Hagen and Kibble 
[65]: example of a field theory with spontaneous symmetry breakdown, 
no massless Goldstone boson, and massive vector boson. 


1964 | * Christenson, Cronin, Fitch and Turlay [pg]: first evidence of 
CP violation in the decay of X° mesons. 


1964 |* Salam and Ward [p]: Lagrangian for the electroweak synthe- 
sis, estimation of the W mass. 


1964 | * Gell-Mann; Zweig: introduction of quarks as fundamental 
building blocks for hadrons. 


1964 | Greenberg; Han and Nambu: introduction of color quantum 
number and colored quarks and gluons. 


1967 | Kibble [69]: extension of the Higgs mechanism of mass genera- 
tion for non—abelian gauge field theories. 


1967 | * Weinberg [p9]: Lagrangian for the electroweak synthesis and 
estimation of W and Z masses. 
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1967 | Faddeev and Popov [FÜ]I: method for construction of Feynman 
rules for Yang—Mills gauge theories. 


* Salam [fi]: Lagrangian for the electroweak synthesis. 
Bjorken: invention of the Bjorken scaling behavior. 

Feynman: birth of the partonic picture of hadron collisions. 
Glashow, Iliopoulos and Maiani [[7J]: introduction of lepton- 
quark symmetry and the proposal of charmed quark (GIM mechanism). 


1971 | * °t Hooft [J]: rigorous proof of renormalizability of the mass- 
less and massive Yang- Mills quantum field theory with spontaneously 
broken gauge invariance. 


1973 | Kobayashi and Maskawa [[74]: CP violation is accommodated in 
the Standard Model with six favours. 


1973 | Hasert et al. (CERN) [[/9]: first experimental indication of the 


existence of weak neutral currents. 





DE >D tE , NU EX. 


This was a dramatic prediction of the Standard Model and its discovery 
was a major success for the model. They also measured the ratio of 
neutral-current to charged—current events giving a estimate for the 
Weinberg angle sin? Ow in the range 0.3 to 0.4. 


1973 | Gross and Wilczek; Politzer: discovery of asymptotic freedom 
property of interacting Yang—Mills field theories. 


1973 | Fritzsch, Gell-Mann and Leutwyler: invention of the QCD La- 
grangian. 


1974 | Benvenuti et al. (Fermilab) [[7@]: confirmation of the existence 
of weak neutral currents in the reaction 


Vi +N DA à 
1974 |* Aubert et al. (Brookhaven); Augustin et al. (SLAC): evidence 
for the J/1 (cc). 
1975 |* Perl et al. (SLAC) [74]: first indication of the 7 lepton. 
1977 | Herb et al. (Fermilab) [F8]: first evidence of Y (bb). 
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1979 | Barber et al. (MARK J Collab.); Brandelik et al. (TASSO Col- 
lab.); Berger et al. (PLUTO Collab.); W. Bartel (JADE Collab.): evidence 
for the gluon jet in ete” — 3 jet. 


1983 |* Arnison et al. (UA1 Collab.) [79]; Banner et al. (UA2 Collab.) 
[BO]: evidence for the charged intermediate bosons W* in the reactions 








ptproWw(l4+v)4X. 
They were able to estimate the W boson mass (Mw = 81 + 5 GeV) in 
good agreement with the predictions of the Standard Model. 


1983 |* Arnison et al. (UA1 Collab.) [BI]; Bagnaia et al. (UA2 Collab.) 
[BJ]: evidence for the neutral intermediate boson Z° in the reaction 





p+p— Z(— e+e )t+x. 


This was another important confirmation of the electroweak theory. 


1986 | * Van Dyck, Schwinberg and Dehmelt [B3]: high precision mea- 
surement of the electron ge — 2 factor. 


1987 | Albrecht et al. (ARGUS Collab.) [BA]: first evidence of B° — B° 
mixing. 
1989 | Abrams et al. (MARK-II Collab.) [BA]: first evidence that the 


number of light neutrinos is 3. 


1992 | LEP Collaborations (ALEPH, DELPHI, L3 and OPAL) [BG]: pre- 
cise determination of the Z° parameters. 


Abe et al. (CDF Collab.) IBI]; Abachi et al. (DØ Collab.) [BẸ]: 


observation of the top quark production. 
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1.2 The Gauge Principle 


As it is well known, symmetry has always played a very important 
role in the development of physics. From the spacetime symmetry of 
special relativity, up to the internal and gauge invariances, the sym- 
metries have mapped out the route to most of the physical theories in 
this last century. 


An important result for field theory and particle physics is provided 
by the Noether’s theorem. If an action is invariant under some group 
of transformations (symmetry), then there exist one or more conserved 
quantities (constants of motion) which are associated to these transfor- 
mations. In this sense, Noether’s theorem establishes that symmetries 
imply conservation laws. 


A natural question to ask would be: upon imposing to a given La- 
grangian the invariance under a certain symmetry, would it be possible 
to determine the form of the interaction among the particles? In other 
words, could symmetry also imply dynamics? 


In fact, this happens in Quantum Electrodynamics (QED), the best 
theory ever built to describe Nature, which had become a prototype of a 
successful quantum field theory. In QED the existence and some of the 
properties of the gauge field — the photon — follow from a principle of 
invariance under local gauge transformations of the U(1) group. 


Could this principle be generalized to other interactions? For Salam 
and Ward [9], who invented the gauge principle as the basis to con- 
struct the quantum field theory of interacting fields, this was a possible 
dream: 


“Our basic postulate is that it should be possible to generate 
strong, weak and electromagnetic interaction terms (with all 
their correct symmetry properties and also with clues regard- 
ing their relative strengths) by making local gauge transforma- 
tions on the kinetic-energy terms in the free Lagrangian for all 
particles.” 


In fact, those ideas could be accomplished just after some new and 
important ingredients were introduced to describe short distance (weak) 
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and strong interactions. In the case of weak interactions the presence 
of very heavy weak gauge bosons require the new concept of sponta- 
neous breakdown of the gauge symmetry and the Higgs mechanism 
[63, 64 69]. On the other hand, the concept of asymptotic freedom 
(BA, played a crucial rôle to describe perturbatively the strong in- 
teraction at short distances, making the strong gauge bosons trapped. 
The Quantum Chromodynamics (QCD), the gauge theory for strong in- 
teractions, is the subject of Mangano’s lecture at this school. 


1.2.1 Gauge Invariance in Quantum Mechanics 


The gauge principle and the concept of gauge invariance are already 
present in Quantum Mechanics of a particle in the presence of an elec- 
tromagnetic field [H]. Let us start from the classical Hamiltonian that 
gives rise to the Lorentz force (F = gE + qi x B), 


=\ 2 


He = (5-44) + qd, (1.9) 


where the electric and magnetic fields can be described in terms of the 


=> 


potentials A” = (¢, A), 


> 


OA. 
“Ot? ’ 
These fields remain exactly the same when we make the gauge trans- 
formation (G) in the potentials: 


E=—-Vo- B=V KA; 


ô ee a À 
dod =o-—, ASH=AtV. (1.10) 


When we quantize the Hamiltonian (9) by applying the usual pre- 
scription p — —iV, we get the Schrodinger equation for a particle in an 
electromagnetic field, 





1 — A? _ O(a, t) 
= (-iŸ = A) i 06 yla t) =i 
which can be written in a compact form as 
1 = 
57 (iD) = iDo , (1.11) 


2m 
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The equation (L.T) is equivalent to make the substitution 
= > + . » o ðo 
V>D=V-iqA , a “Pos Tape 

in the free Schrödinger equation. 


If we make the gauge transformation, (6, A) + (@’, À ), given by 

(I-10), does the new field y’ which is solution of 
1 5 

CC pY =iD Y, 
describe the same physics? 

The answer to this question is no. However, we can recover the 
invariance of our theory by making, at the same time, the phase trans- 
formation in the matter field 


Y = exp (igx) Y (1.12) 


with the same function x = y(x,t) used in the transformation of elec- 
tromagnetic fields ([.10). The derivative of y’ transforms as, 


D'y = M — ig( A+ Vx)| exp (iq) V 
= exp (gx) (Vw) +iq(Vx) exp (igx) Y 
—igA exp (iqx) Ÿ—iq(Vx) exp (igx) Y 


= exp (igx) Dv, (1.13) 
and in the same way, we have for Do, 
Div’ = exp (igx) Dow . (1.14) 


__ We should mention that now the field y (LIJ and its derivatives 
Dy (ETS), and Dow (1.14), all transform exactly in the same way: they 
are all multiplied by the same phase factor. 


Therefore, the Schrödinger equation ([-T]) for 4’ becomes 


oib y = (D) D») 
2m 
a x 
= (ip) |- exp (iqx) Dy! 
m 


ae 
= exp (igx) z (iD) 4 
= exp (igx) (iDo)v = iDo . 
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and now both 7 and y” describe the same physics, since |w|? = |w’|?. In 
order to get the invariance for all observables, we should assure that 
the following substitution is made: 


o 
=> Do, 


V> D 
Mere a 


For instance, the current 
J o (Vu) — (Voy, 
becomes also gauge invariant with this substitution since 
y*'(D'y') = y* exp (—igx) exp (igx) (DY) = y* (Dy) . 


After we have shown how to obtain a gauge invariant quantum de- 
scription of a particle in an electromagnetic field, could we reverse the 
argument? That is: when we demand that a theory is invariant under 
a spacetime dependent phase transformation, can this procedure im- 
pose the specific form of the interaction with the gauge field? In other 
words, can the symmetry imply dynamics? 


Let us examine what happens when we start from the Dirac free 
Lagrangian 


Ly = Vi p- mb, 
that is not invariant under the local gauge transformation, 
Y — y = exp |~ia(x)] Y , 
since 


Ly > Ly = Ly + Pyp a) , 


However, if we introduce the gauge field À, through the minimal 
coupling 


D, =ð, tie, , 


and, at the same time, require that A, transforms like 


1 
Au Aj, = Ant 58,00. (1.15) 
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we have 


Ly > Ly pig- eA) — my 
D exp(+ia) i J-e (4 4 = pa) = m exp(—ia)t 


= Ly — eby war. (1.16) 


The coupling between y (e.g. electrons) and the gauge field A, (pho- 
ton) arises naturally when we require the invariance under local gauge 
transformations of the kinetic-energy terms in the free fermion La- 
grangian. 


Since, the electromagnetic strength tensor 
Fw = OpAv — OVA, , (1.17) 
is invariant under the gauge transformation (L.I), so is the Lagrangian 
for free gauge field, 


1 
La == Fw (1.18) 


This Lagrangian together with ([[.16) describes the Quantum Electro- 
dynamics. 


We should point out that a hypothetical mass term for the gauge 
field, 


z 1 
LR = A4", 
is not invariant under the transformation (I-15). Therefore, something 


else should be necessary to describe massive vector bosons in a gauge 
invariant way, preserving the renormalizability of the theory. 


1.2.2 Gauge Invariance for Non-Abelian Groups 


As suggested by Heisenberg [Pi] in 1932, under nuclear interac- 
tions, protons and neutron can be regarded as degenerated since their 
mass are quite similar and electromagnetic interaction is negligible. 
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Therefore any arbitrary combination of their wave function would 
be equivalent, 


= Wp 940 = 
v= (i) yp =Uy, 


where U is unitary transformation (U'U = UU' = 1) to preserve nor- 
malization (probability). Moreover, if det|U| = 1, U represents the Lie 
group SU(2): 


T° Te 
Ü= —~iji—a")~1—i—a*% 
exp ( ot) a ; 


where 7°, a = 1,2,3 are the Pauli matrices. 


In 1954, Yang and Mills [A0] introduced the idea of local gauge iso- 
topic invariance in quantum field theory. 


“The differentiation between a neutron and a proton is then a 
purely arbitrary process. As usually conceived, however, this 
arbitrariness is subject to the following limitation: once one 
chooses what to call a proton, what a neutron, at one space- 
time point, one is then not free to make any choices at other 
spacetime points. It seems that this is not consistent with the 
localized field concept that underlies the usual physical theo- 
ries.” 


Following their argument, we should preserve our freedom to choose 
what to call a proton or a neutron no matter when or where we are. This 
can be implemented by requiring that the gauge parameters depend on 
the spacetime points, i.e. a — a° (x). 


This idea was generalized by Utiyama [PY] in 1956 for any non- 
Abelian group G with generators t, satisfying the Lie algebra IH], 


leas to] =1 Cabe te ; 
with Ce being the structure constant of the group. 


The Lagrangian L,, should be invariant under the matter field trans- 
formation 


p> p =y, 
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with 
Q = exp[-iT%a"(z)] , 


where T” is a convenient representation (i.e. according to the fields +) 
of the generators t°. 


Introducing one gauge field for each generator, and defining the co- 
variant derivative by 


D,=0,-1\9T"À,, 


Since the covariant derivative transforms just like the matter field, 
Le. Dıy > Q (D,w), this will ensure the invariance under the local 
non—Abelian gauge transformation for the terms containing the fields 
and its gradients as long as the gauge field transformation is 


a a a a a = 
ra, a[r Ay + 4a.) 0 À 
or, in infinitesimal form, i.e. for Q ~ 1 —-i7"a"(x), 


1 , 
AY = À, — = + Cabe a? AS . 


Finally, we should generalize the strength tensor (I-17) for a non- 
abelian Lie group, 


Fi, = 8, A% — O,A% + g Care A? AG (1.19) 


w n 


which transforms like F%/ — F5, + Caca’ F6. Therefore, the invariant 
kinetic term for the gauge bosons, can be written as 
1 a pa pv 
La GFE f (1.20) 


and is invariant under the local gauge transformation. However, a 
mass term for the gauge bosons like 


1 1 
AS ARR = (4 — dat + Cited (a = 70,0" + Cadea A’ ") 
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is still not gauge invariant. 


Note that since 
F x (OA — ðA) +gAA, 


unlike the Abelian case, there is a new feature: the gauge fields have 
triple and quartic self-couplings, 


La x (0A—-0A) + g(0A—60A)AA+ g?AAAA 
propagator triple quartic ` 


1.3 Spontaneous Symmetry Breaking 


Exact symmetries give rise, in general, to exact conservation laws. 
In this case both the Lagrangian and the vacuum (the ground state of 
the theory) are invariant. However, there are some conservation laws 
which are not exact, e.g. isospin, strangeness, etc. These situations can 
be described by adding to the invariant Lagrangian (Lsym) a small term 
that breaks this symmetry (£,,), 


LAL P Oly, 


Another situation occurs when the system has a Lagrangian that is 
invariant and a non-invariant vacuum. A classic example of the sit- 
uation is provided by a ferromagnet where the Lagrangian describing 
the spin-spin interaction is invariant under tridimensional rotations. 
For temperatures above the ferromagnetic transition temperature (Tc) 
the spin system is completely disordered (paramagnetic phase), and 
therefore the vacuum is also SO(3) invariant [see Fig. 2(a)]. 


However, for temperatures below To (ferromagnetic phase) a spon- 
taneous magnetisation of the system occurs, aligning the spins in some 
specific direction [see Fig. 2(b)]. In this case, the vacuum is not invari- 
ant under the SO(3) group. This symmetry is broken to SO(2), repre- 
senting the rotation of the whole system around the spin directions. 
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Fig. 2: Representation of the spin orientation in the 
paramagnetic (a) and ferromagnetic (b) phases. 


Let us analyze the simple example of a scalar self—interacting real 
field with Lagrangian, 


£= 50,6 d" V(6). (1.21) 
with 
1 242 1 4 
V(Ÿ) = gue + TA. (1.22) 


In the theory of the phase transition of a ferromagnet, the Gibbs free 
energy density is analogous to V(@) with ¢ playing the rôle of the aver- 
age spontaneous magnetisation M. 


The whole Lagrangian (1.21) is invariant under the discrete trans- 
formation 


D > =D. (1.23) 


Is the vacuum also invariant under this transformation? The vacuum 
(œo) can be obtained from the Hamiltonian 


H = = [(do¢)* + (V¢)?] + V(¢) . 


1 
2 


We notice that ¢ọ = constant corresponds to the minimum of V (¢) 
and consequently of the energy: 


polu? + Adj) =0. 
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Since À should be positive to guarantee that H is bounded, the min- 
imum depends on the sign of u. For y? > 0, we have just one vacuum at 
ġo = 0 and it is also invariant under (I-29) [see Fig. 3 (a)]. However, for 
u? < 0, we have two vacua states corresponding to 65 = +,/—?/, [see 
Fig. 3 (b)]. This case corresponds to a wrong sign for the ¢ mass term. 




















(a) (b) 
Fig. 3: Scalar potential (1.22) for p? > 0 (a) and for p? < 0 (b). 


Since the Lagrangian is invariant under ([[.23) the choice between 
® or ¢, is irrelevant ff}. Nevertheless, once one choice is made (e.g. 
v = dj) the symmetry is spontaneously broken since £ is invariant but 
the vacuum is not. 


Defining a new field ©’ by shifting the old field by v = \/—p:?/A, 
® = ® =v, 


we verify that the vacuum of the new field is 4, = 0, making the the- 
ory suitable for small oscillations around the vacuum state. The La- 
grangian becomes: 


1 ! ol = a) LU 131 14 
L = 50,00" = (Vv 2?) 6 Avg? Ed. 


This Lagrangian describes a scalar field ¢’ with real and positive mass, 
My = y —2p?, but it lost the original symmetry due to the © * term. 


*For an interesting discussion discarding the invariant state (pi + 5) as the true 
vacuum see Ref. 
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A new interesting phenomenon happens when a continuous sym- 
metry is spontaneously broken. Let us analyze the case of a charged 
self-interacting scalar field, 


L = 2,9" "h — V (P$) , (1.24) 
with a similar potential, 


V (p) = (OO) + (SD). (1.25) 


Notice that the Lagrangian ([.24) is invariant under the global phase 
transformation 


b — exp(—10)¢ . 


When we redefine the complex field in terms of two real fields by 


ae (d1 + t¢2) 
V2 ; 
the Lagrangian ([[.24) becomes 
1 
L= 5 (3 p10" P1 + O,620"b2) — V (Q1, 2) , (1.26) 


which is invariant under SO(2) rotations, 
Qı —, cos@ —sinð 1 
bo sing  cos@ d2 J 
For u? > 0 the vacuum is at ¢, = d = 0, and for small oscillations, 
4i 
L= D 5 (uid 6 — 1?) , 


i=1 


which means that we have two scalar fields 4 and ¢2 with mass m? = 
2 
W >O. 


In the case of u? < 0 we have a continuum of distinct vacua [see Fig. 
4 (a)] located at 


N 


(<di>?+<¢2>7) -p?_ v 
a0 6 a E 


5 2 (1.27) 
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(a) (b) 


Fig. 4: The potential V(¢,, ¢2) (a) and its contour plot (b) 


We can see from the contour plot [Fig. 4 (b)] that the vacua are also 
invariant under SO(2). However, this symmetry is spontaneously bro- 
ken when we choose a particular vacuum. Let us choose, for instance, 
the configuration, 


Di = v, 
bd. = 0. 


The new fields, suitable for small perturbations, can be defined as, 


$i = gi-v, 
Pa = 2. 


In terms of these new fields the Lagrangian ([[.26) becomes, 
1 1 1 i i 
L= 1.0 0"b, — 5 (2) + 54020" Ph + interaction terms. 
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Now we identify in the particle spectrum a scalar field 4, with real 
and positive mass and a massless scalar boson (9). This could be seen 
from Fig. 4 (b), when we consider the mass matrix in tree approxima- 
tion, 


29 y / $ 


The second derivative of V (¢1, 9) in the ¢; direction corresponds to the 
zero eigenvalue of the mass matrix, while for ¢/ it is positive. 


This is an example of the prediction of the so called Goldstone theo- 
rem [d] which states that when an exact continuous global symmetry 
is spontaneously broken, i.e. it is not a symmetry of the physical vac- 
uum, the theory contains one massless scalar particle for each broken 
generator of the original symmetry group. 


The Goldstone theorem can be proven as follows. Let us consider a 
Lagrangian of Ng real scalar fields ¢;, belonging to a N¢—dimensional 
vector ®, 


L= 5(0.2)(0"®) _V(@). 


Suppose that G is a continuous group that let the Lagrangian invariant 
and that ® transforms like 


ðP = —ia T° D. 


Since the potential is invariant under G, we have 














OV (®) . OV(®) 
= SS E a Te 4 : = . 
dV (S) db; 00; a db; Q ( iy Qj 0 
The gauge parameters a“ are arbitrary, and we have Ng equations 
OV (P) a 
fora = 1,- -- , Ng. Taking another derivative of this equation, we obtain 
@V (S) OV (®) 
T°); 0; TP?) = 0. 
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If we evaluate this result at the vacuum state, ® = o, which mini- 
mizes the potential, we get 


oV (®) 
OO,.00; =p 


or, in terms of the mass matrix, 


ee, =0, 


MF, (T°) 85 = 0. (1.28) 


If, after we choose a ground state, a sub-group g of G, with dimen- 
sion n,, remains a symmetry of the vacuum, then for each generator of 


g, 
(T° Jij ¢} =0 for a=1,--- (fies Ne, 
while for the (Ng — n,) generators that break the symmetry, 


(T°) 6) #0 for a=n,+1,---,No. 


Therefore, the relation shows that there are (Ng — ng) zero 
eigenvalues of the mass matrix: the massless Goldstone bosons. 


1.4 The Higgs Mechanism 


1.4.1 The Abelian Higgs Mechanism 


The Goldstone theorem implies the existence of massless scalar parti- 
cle(s). However, we do not have any experimental evidence in nature 
of these particles. In 1964 several authors independently [63, 64, pF 
were able to provide a way out to the Goldstone theorem, that is, a 
field theory with spontaneous symmetry breakdown, but with no mass- 
less Goldstone boson(s). The so called Higgs mechanism has an extra 
bonus: the gauge boson(s) becomes massive. This is accomplished by 
requiring that the Lagrangian that exhibits the spontaneous symme- 
try breakdown is also invariant under local, rather than global, gauge 
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transformations. This feature fits very well in the requirements for a 
gauge theory of electroweak interactions where the short range char- 
acter of this interaction requires a very massive intermediate particle. 


In order to see how this works let us consider again the charged 
self-interacting scalar Lagrangian ([.24 with the potential (1.25), and 
let us require a invariance under the local phase transformation, 


b— expliqa(z)|¢. (1.29) 


In order to make the Lagrangian invariant, we introduce a gauge 
boson (A,,) and the covariant derivative (D,,), following the same prin- 
ciples of Section [LJ 


We introduce a gauge boson (A,,) and the covariant derivative (D), 
so that the Lagrangian becomes invariant, following the same princi- 
ples of Section 


ô, — D, = ô + iq, , with A, — A, =A, — ô Q(T) . 


The spontaneous symmetry breaking occurs for u? < 0, with the 
vacuum < |¢|? > given by (L27. There is a very convenient way of 
parametrizing the new fields, ¢’, that are suitable for small perturba- 
tions, i.e., 





2) (1 +v) 


$ = exp (2 ~ ETERA EF E . (1.30) 


v3- v32 y2 


Therefore the Lagrangian ([[.24) becomes, 


1 1 1 | 
L = ni" 01 = 5-24) + 54020" op + interact. 


1 ou? 


mu + ay we + quA," ds r (1.31) 


This Lagrangian presents a scalar field 6 with mass Mẹ, = y —2p?, 
a massless scalar boson ġ, (the Goldstone boson) and a massive vector 
boson A,,, with mass M4 = qu. 


However the presence of the last term in (.3), which is propor- 
tional to A,” 6! is quite inconvenient since it mixes the propagators of 
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À, and ¢, particles. In order to eliminate this term, we can choose the 
gauge parameter in ([[.29) to be proportional to ¢/, as 


a(x) = — 4, (2) . 
qu 


In this way, the field ¢ (30) becomes, 





With this choice of gauge (called unitary gauge) the Goldstone boson 
disappears, and we get the Lagrangian 


1 I 1 1 1 v qu? A’ A / 
L = 2 0" Pi — 5 (2) wei T 9 “4 7 
1 À 
Td (pi + 2v) pA A" — 4 1° (¢ + dv) . (1.32) 


Where is ¢5, the Goldstone boson? To answer this question, it is 
convenient to count the total number of degrees of freedom from the 


initial ([-24) and final ([.39) Lagrangians: 








Initial £ (1.24) Final L (1.32) 
6% charged scalar : 2 ¢, neutral scalar: 1 
A, massless vector : 2 A’, massive vector : 3 

4 4 


As we can see, the corresponding degree of freedom of the Gold- 
stone boson was absorbed by the vector boson that acquires mass. The 
Goldstone turned into the longitudinal degree of freedom of the vector 
boson. 
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1.4.2 The Non-Abelian Case 


It is straightforward to generalize the last section’s results for a 
non—Abelian group G of dimension Ng, and generators 7”. In this case, 
we introduce Ng gauge bosons, such that the covariant derivative is 
written as 


ð, — D, = 0191 Be 
After the spontaneous symmetry breaking, a sub-group g of dimension 


Ng remains as a symmetry of the vacuum, that is, 


a LO __ = 
Tip; =0, for a= l,- ng. 


We would expect the appearance of (Nc — ng) massless Goldstone 
bosons. Like in (1.30, we parametrize the original scalar field as 


PGBT" ) 


v 


p= (Ftu) exp ( 


where 7” are the (Ng — ng) broken generators that do not annihilate 
the vacuum. 


Choose the gauge parameter a° (x) in order to to eliminate ¢ġg. This 
will give rise to (Ng — ng) massive gauge bosons. Counting the total 
number of degrees of freedom we obtain Ng + 2Nc, both before and 
after the spontaneous symmetry breaking: 


Before SSB After SSB 
@ massless scalar: Ng ¢ massive scalar : Ng — (Na — ng) 


B; massless vector: 2 Ng  B massive vector : 3 (Ng — ny) 
Bi, massless vector : 2 ng 
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Chapter 2 


The Standard Model 


2.1 Constructing the Model 


2.1.1 General Principles to Construct Gauge Theo- 
ries 


Based on what we have learned from the previous sections, we can 
establish some quite general principles to construct a gauge theory. 
The recipe is as follows, 


e Choose the gauge group G with Ng generators; 


e Add Ng vector fields (gauge bosons) in a specific representation of 
the gauge group; 


e Choose the representation, in general the fundamental represen- 
tation, for the matter fields (elementary particles); 


e Add scalar fields to give mass to (some) vector bosons; 


e Define the covariant derivative and write the most general renor- 
malizable Lagrangian, invariant under G, which couples all these 
fields; 
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e Shift the scalar fields in such a way that the minimum of the 
potential is at zero; 


e Apply the usual techniques of quantum field theory to verify the 
renormalizability and to make predictions; 


e Check with Nature if the model has anything to do with reality; 


e If not, restart from the very beginning! 


In fact, there were several attempts to construct a gauge theory 
for the (electro)weak interaction. In 1957, Schwinger suggested a 
model based on the group O(3) with a triplet gauge fields (V*,V~, V°). 
The charged gauge bosons were associated to weak bosons and the neu- 
tral V° was identified with the photon. This model was proposed be- 
fore the structure V — A of the weak currents have been established 


p3, B4 Bal. 


The first attempt to incorporate the V — A structure in a gauge the- 
ory for the weak interactions was made by Bludman [P4] in 1958. His 
model, based on the SU(2) weak isospin group, also required three vec- 
tor bosons. However in this case the neutral gauge boson was associ- 
ated to a new massive vector boson that was responsible for weak inter- 
actions without exchange of charge (neutral currents). The hypothesis 
of a neutral vector boson exchanged in weak interaction was also sug- 
gested independently by Leite Lopes [BG] in the same year. This kind 
of process was observed experimentally for the first time in 1973 at the 
CERN neutrino experiment [[/4]. 


Glashow [60] in 1961 noticed that in order to accommodate both 
weak and electromagnetic interactions we should go beyond the SU(2) 
isospin structure. He suggested the gauge group SU(2) @ U(1), where 
the U(1) was associated to the leptonic hypercharge (Y) that is related 
to the weak isospin (T) and the electric charge through the analogous 
of the Gell-Mann-Nishijima formula (Q = 73 + Y/2). The theory now 
requires four gauge bosons: a triplet (W!,W?,W*) associated to the 
generators of SU(2) and a neutral field (B) related to U(1). The charged 
weak bosons appear as a linear combination of W! and W?, while the 
photon and a neutral weak boson Z° are both given by a mixture of W° 
and B. A similar model was proposed by Salam and Ward [B77] in 1964. 
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The mass terms for W* and Z° were put “by hand”. However, as we 
have seen, this procedure breaks explicitly the gauge invariance of the 
theory. In 1967, Weinberg [p9] and independently Salam [[71] in 1968, 
employed the idea of spontaneous symmetry breaking and the Higgs 
mechanism to give mass to the weak bosons and, at the same time, 
to preserve the gauge invariance, making the theory renormalizable 
as shown later by ’t Hooft [[73]. The Glashow—Weinberg—Salam model 
is known, at the present time, as the Standard Model of Electroweak 
Interactions, reflecting its impressive success. 


2.1.2 Right- and Left- Handed Fermions 


Before the introduction of the Standard Model, let us make an in- 
terlude and discuss some properties of the fermionic helicity states. At 
high energies (i.e. for E >> m), the Dirac spinors 


u(p, s) ’ and u(p, s) = Cu" (p, s) |= 12 u"(p, s) ; 


are eigenstates of the ys matrix. 


The helicity +1/2 (right-handed, À) and helicity —1/2 (left-handed, 
L) states satisfy 


1 
ur==(1+5)u and ve = 
È ig 


1 . 
5) (1 75)v 


1 
2 
It is convenient to define the helicity projectors: 


1 
(lv) ; Raz 


NI = 


which satisfy the usual properties of projection operators, 


L+R 
RL=LR 
L? 

R = 


II 
yo OF 
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For the conjugate spinors we have, 


Ur = (Lb) "30 = ALT = w'Lyo = YR = wR 
Ur YL. 


Let us make some general remarks. First of all, we should notice 
that fermion mass term mixes right- and left-handed fermion compo- 
nents, 


py = VRÜr + VLUR - (2.2) 


On the other hand, the electromagnetic (vector) current, does not mix 
those components, i.e. 


pty = Dry Ur + Vi Ur. (2.3) 


Finally, the (V — A) fermionic weak current can be written in terms of 
the helicity states as, 


E z 2 7 1- 
bry by = pR" Lap = py” Lp = py” L = 5 pë = yY , (2.4) 


what shows that only left-handed fermions play a rôle in weak inter- 
actions. 


2.1.3 Choosing the gauge group 


Let us investigate which gauge group would be able to unify the 
electromagnetic and weak interactions. We start with the charged 
weak current for leptons. Since electron-type and muon-type lepton 
numbers are separately conserved, they must form separate represen- 
tations of the gauge group. Therefore, we refer as ¢ any lepton flavor 
(£ = e, u, T), and the final Lagrangian will be given by a sum over all 
these flavors. 


From Eq. (2.4), we see that the weak current (1.5), for a generic 
lepton 4, is given by, 


JF = LA — 5) = 2 Env : (2.5) 
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If we introduce the left-handed isospin doublet (T = 1/2), 


(D(a 


where the 73; = +1/2 and 73; = —1/2 components are the left-handed 
parts of the neutrino and of the charged lepton respectively. Since, 
there is no right-handed component for the neutrino f], the right-handed 
part of the charged lepton is accommodated in a weak isospin singlet 
T=) 


R=Rl=Cp. (2.7) 


The charged weak current (2-5) can be written in terms of leptonic 
isospin currents: 


io Tro T 
ab yl, 


where 7’ are the Pauli matrices. In a explicit form, 


1 = 0 1 V Io _ 

He = gP Wahi o) (E ) = g Emre trena) 
Lo = 0 -i V ts = 

B= je Dafa v) (e ) = 5 Gene) 
1 0 v tpn 7 

B = ga bda Co 5) (GE ) 5g Orre int) 


Therefore, the weak charged current (@.5), that couples with inter- 
mediate vector boson W, , can be written in terms of J l and J? as, 


= (Ji =i] 
In order to accommodate the third (neutral) current J?, we can de- 
fine the hypercharge current by, 


JE = — (Ly, L +2 Ryu R) =— (rye + Cryer + 2 lr yer) f 


*At this moment, we consider that the neutrinos are massless. The possible mass 
term for the neutrinos will be discussed later, Sec. E.4À 


39 


The electromagnetic current can be written as 


= - 1 
Ja = — EL l = — (Cryer + ErYulr) = d + i 


We should notice that neither 7; nor Q commute with T, 2. However, 
the ‘charges’ associated to the currents J‘ and JY, 


r= | dad and v= | Oot 
satisfy the algebra of the SU(2) & U(1) group: 
ricer, and |T} Y]=0, 


and the Gell-Mann-Nishijima relation between Q and T; emerges in a 


natural way, 
1 


With the aid of we can define the weak hypercharge of the doublet 
YL = —1) and of the fermion singlet OR = —2). 


Let us follow our previous recipe for building a general gauge theory. 
We have just chosen the candidate for the gauge group, 


SU(2), @U(1)y |. 


The next step is to introduce gauge fields corresponding to each gener- 
ator, that is, 
SU(2), — Wi, Wi, W3, 
U(1)y —> B, š 


Defining the strength tensors for the gauge fields according to (.T) 


and (1.19), 


Wie 
B 


O Wi — OW; + g E WiWy , 
0,,By — 0 Bi 


pv 
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we can write the free Lagrangian for the gauge fields following the 


results (1.19) and ([[.20), 
1 


À. 
Leauge = ZW WE — 2 By BY. (2.9) 


For the leptons, we write the free Lagrangian, 
Lieptons = Ri ØR+Li øL 


lri lr+lLi g LlL+TDLi Ø 
Liðl+Dpiðv. (2.10) 


Remember that a mass term for the fermions (£.2) mixes the right- and 
left-components and would break the gauge invariance of the theory 
from the very beginning. 


The next step is to introduce the fermion-gauge boson coupling via 
the covariant derivative, 1.e. 


/ 


L: His Witi? YB, (2.11) 
R : dbi F Bi (2.12) 


where g and g' are the coupling constant associated to the groups SU (2); 
and U(1)y respectively, and 


M =-1, Yp=-2. (2.13) 
Therefore, the fermion Lagrangian (2.10) becomes 
fa =s Leeotone + Lin (Sew +iLye, ) L 
leptons leptons 17 ? 27 u t 9 H 
Z / 
+ Rint! (22) R. (2.14) 
Let us first pick up just the “left” piece of (2.14), 
z q! T2 = r3 g' o 
T: = =g L9” (Sm + ow) L—gL wok W2- ail “L Bp. 
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The first term is charged and can be written as 


L(+) ee 0 Wi — iW; L. 
leptons 2 Wi a- iW? 0 





L 


This suggests the definition of the charged gauge bosons as 











dk 1 
W; = o T w3) , (2.15) 
in such a way that 
Les = g r = , 
Listons = 292 [oy#(1 ~~ 5 )e Wr + fy" (1 = Y5) V W, ] ; (2.16) 


reproduces exactly the (V — A) structure of the weak charged current . 


When we compare the Lagrangian (2.16) with ([.1) and take into 
account the result from low-energy phenomenology (L.J) we see that 
Gw = g/2V2 and we obtain the relation 


2 1/2 
ET] em 


Now let us treat the neutral piece of Lieptons .14) that contains both 
left and right fermion components, 


(L+R)(0) - q 3 dr : 

Limans = gL (5) LW, — > (ly*YL+RyYR)B, 
/ 

= -g JË W$ — L Jy By, (2.18) 


where the currents J; and Jy have been defined before, 


1 T 
Jy = g PLY Y — vtr) 


Jy 


— (Dry"vr + Cryer + 2UlrylR) | 


Note that the ‘charges’ respect the Gell-Mann—Nishijima relation 
(E.J) and currents satisfy, 


1 
sn = dator 
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In order to obtain the right combination of fields that couples to the 
electromagnetic current, let us make the rotation in the neutral fields, 
defining the new fields À and Z by, 


Au E cos Oy sin Oy B, 
( Zu 7 ( —sin Ow cos Ow ) ( wè j? (2.19) 
or, 
W; = sinfwA, + cosOwZ,, , 
B, = cosOwA, — sinOwZ, , 


where fw is called the Weinberg angle and the relation with the SU(2) 
and U(1) coupling constants hold, 


g er (2.20) 


Vg? +g” g tg” 
In terms of the new fields, the neutral part of the fermion Lagrangian 


(2-18) becomes 
(L+R)(0) 


leptons 


sin Ow = 


1 
= —(g sin Oy JẸ + 39 COs Ow JY) A 


1 
+(—g cos fw JE + 59" Sin Ow Jy) Zu 
= —gsin bw (l8) À, 


g Toa Hf pi i 
-2 cos Ow 3 = Z 2.21 
2 cos Oy 2, (9y — 9475) ViZu , (2.21) 


and we easily identify the electromagnetic current coupled to the pho- 
ton field A, and the electromagnetic charge, 


PETER 22 


The Standard Model introduces a new ingredient, weak interactions 
without change of charge, and make a specific prediction for the vector 
(V) and axial (A) couplings of the Z to the fermions, 


PERTE) 22) 
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di =T |. (2.24) 


This was a very successful prediction of the Standard Model since at 
that time we had no hint about this new kind of weak interaction. The 
experimental confirmation of the existence of weak neutral currents 
occurred more than five years after the model was proposed [[73]. 


Up to now we have in the theory: 





e 4 massless gauge fields Wi, B, or equivalently, W7, Z,, and A,,; 


e 2 massless fermions: v, £. 
The next step will be to add scalar fields in order to break sponta- 
neously the symmetry and use the Higgs mechanism to give mass to 


the three weak intermediate vector bosons, making sure that the pho- 
ton remains massless. 


2.1.4 The Higgs Mechanism and the W and Z mass 





In order to apply the Higgs mechanism to give mass to W+ and Z°, 
let us introduce the scalar doublet 


= ( Ai ) (2.25) 


From the relation (2.8), we verify that the hypercharge of the Higgs 
doublet is Y = 1. We introduce the Lagrangian 


Late = 0,0! ONO — V(®'®) ; 
where the potential is given by 


V(®'0) = p? Pi +A (PP). (2.26) 


In order to maintain the gauge invariance under the SU(2),&U(1)y, 
we should introduce the covariant derivative 


a / 
ðs > Dy = 8, +i 9 Wi +i ZB, 
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We can choose the vacuum expectation value of the Higgs field as, 


ce) 


where 


2 
pe — | (2.27) 


Since we want to preserve the exact electromagnetic symmetry to 
maintain the electric charged conserved, we must break the original 
symmetry group as 


SU(2)r @U(A)y — U(1)em , 
i.e. after the spontaneous symmetry breaking, the sub-group U(1)en, 
of dimension 1, should remain as a symmetry of the vacuum. 


In this case the corresponding gauge boson, the photon, will remain 
massless, according to results of section [I-4-4 We can verify that our 
choice let indeed the vacuum invariant under U (1)... This invariance 
requires that 


&@ < >~ (1tiaQ) <O>)=< G50, 


or, the operator Q annihilates the vacuum, Q < ® >) = 0. This is 
exactly what happens: the electric charge of the vacuum is zero, 


1 
Q < È >o (i457) <> 


= allo a (or) Cne)-e 


The other gauge bosons, corresponding to the broken generators T,, 
T>, and (73 — Y/2) = 273 — Q should acquire mass. In order to make this 
explicit, let us parametrize the Higgs doublet c.f (£30), 


i (5%) ( w+ HV 


1 1 | E 
E eee a a nee | 
2/2 \ 2H — ty V2 \v+4H-iz 


® 


K 
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where w* and 2° are the Goldstone bosons. 


Now, if we make a SU (2); gauge transformation with a; = y;/v (uni- 
tary gauge) the fields become 


a T Xi = (v + H) 0 
D — D = exp (-i5*) P = A ( 1 ) ‘ (2.28) 


and the scalar Lagrangian can be written in terms of these new field 
as 





2 





= a eed (u+H) (0 
L scalar = (2 + 19-5 We sv) CE ( 1 ) 
2 H 4 
oe (2.29) 





In terms of the physical fields W+ (2.15) and 7° (2.19) the first term 
of @.29), that contain the vector bosons, is 


( D HIVE ) ++ Bourg, ) 


1 2 1 
= -0 HOH + (v + H}? ( WIW" + 7,74), (2.30) 
2 4 F 2ciy 


2 





where we defined cw = cos Oy. 
The quadratic terms in the vector fields, are, 


252 


2,2 
an WW nt _zze, 


8cos? Oy “ 


When compared with the usual mass terms for a charged and neutral 
vector bosons, 


1 
MyW, W`" + ae , 
and we can easily identify 


Mps My = = (2.31) 


We can see from (2.30) that no quadratic term in A, appears, and there- 
fore, the photon remains massless, as we could expect since the U(1) an 
remains as a symmetry of the theory. 


Taking into account the low-energy phenomenology via the relation 
(2.17), we obtain for the vacuum expectation value 


1/2 
T (v2Gr) = 246 GeV |, (2.32) 


and the Standard Model predictions for the W and Z masses are 


2 2 
Wis ae (= GeV) ~ (80 GeV)? , 


Asi, Sy Sw 





2 
M3 ~ ( i Gev) ~ (90 GeV)? , 


Sw Cw 


where we assumed a experimental value for s? = sin? Ow ~ 0.22. 


We can learn from (2.29) that one scalar boson, out of the four 
degrees of freedom introduced in (2.25), is remnant of the symmetry 
breaking. The search for the so called Higgs boson, remains as one of 
the major challenges of the experimental high energy physics, and will 
be discussed later in this course (see Sec. A). 


The second term of (2.2!) gives rise to terms involving exclusively 
the scalar field H, namely, 


1 1 4 1 


In (2.39) we can also identify the Higgs boson mass term with 


and the self—interactions of the H field. In spite of predicting the exis- 
tence of the Higgs boson, the Standard Model does not give a hint on 
the value of its mass since x? is a priori unknown. 
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2.2 Some General Remarks 


Let us address some general features of the Standard Model: 


2.2.1 On the mass matrix of the neutral bosons 


In order to have a different view of the rotation (2-19) we analyze 
the mass term for W;? and B,, in @.29). It can be written as 


(opera) (7) 
fo. wa fy 2) Gm) 


The mass matrix is not diagonal and has two eigenvalues, namely, 
1 2 I2\ 5,2 1 
2 4 2 
which correspond exactly to the photon (M4 = 0) and Z mass (2.31). 


2 
Ww°-B 
scalar 





|S. DIS 


We obtain a better understanding of the meaning of the Weinberg 
angle rotation by noticing that the same rotation matrix used to define 
the physical fields in @.19), 


R, = cosOy sinw 
W~ \ —sinOy cosôw J’ 


is the one that diagonalizes the mass matrix for the neutral gauge 


bosons, i.e. 
v2 gi? — gg 0 0 
Rw — y= 
HE #) E 8) 


2.2.2 On the p Parameter 


We can define a dimensionless parameter p by: 
M2 
wW 


P = cos Ow M3 
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that represents the relative strength of the neutral and charged effec- 
tive Lagrangians (J°"J)/J*"J_), 


8 cos? Ow Mz / 8M ` 


In the Standard Model, at tree level, the p parameter is 1. This is 
not a general consequence of the gauge invariance of the model, but it 
is, in fact, a successful prediction of the model. 


In a model with an arbitrary number of Higgs multiplets ¢; with 
isospin T; and third component T’, and vacuum expectation value v,, 
the p parameter is given by 


reel Bale 
7 2 >7 (73 «)?v? | 
which is 1 for an arbitrary number of doublets. 


Therefore, p represents a good test for the isospin structure of the 
Higgs sector. As we will see later, it is also sensitive to radiative cor- 
rections. 


2.2.3 On the Gauge Fixing Term 


The unitary gauge chosen in has the great advantage of mak- 
ing the physical spectrum clear: the W* and Z° become massive and 
no massless Goldstone boson appears in the spectrum. 





In this gauge the vector boson (V) propagator is given by 
—i QuQv 
pu S| Gh — 
wlV) = a M2 (or e) 


Notice that Pi does not go like ~ 1/q? as q — œ due to the term pro- 
portional to q,,q,. This feature has some very unpleasant consequences. 
First of all there are very complicated cancellations in the invariant 
amplitudes involving the vector boson propagation at high energies. 
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More dramatic is the fact that it is very hard to prove the renormaliz- 
ability of the theory since it makes use of power counting analysis in 
the loop diagrams. 


A way out to this problem [[74, Pa] is to add a gauge-fixing term to 
the original Lagrangian, 











Lef = -5 (2G),Gy+Gz+Gi), 
with 
Gy = See (OW Fie Mw) | 
T "ZE. 
Ga = ie 





where w* and z are the Goldstone bosons. This is called the Re gauge. 


Notice, for instance, that, 


1 1 
—-G} = -—~~—(0,Z" — &gMzz)’ 
9 Lh TA H Ez zz) 
1 1 v 1 D 2 
=Z, | —OMO" | Zy — = £z MZ + Mz z O" Zp, 
2 Ez 2 


where the last term that mixes the Goldstone (z) and the vector bo- 
son (0"Z,,) is canceled by an identical term that comes from the scalar 
Lagrangian [see Eq. (I.3])]. 


In the R; gauge the vector boson propagators is 


—4 5 
Ps W= a lalaa l (2.35) 
q? — Mọ g — Ev Mý 


In this gauge the Goldstone bosons, with mass yéy My, remain in 
the spectrum and their propagators are given by, 
1 
@ — Ey MG 
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P&(GB) = 


and the physical Higgs propagator remains the same. 


In the limit of £; — co the Goldstone bosons disappear and the 
unitary gauge is recovered. Other gauge choices like Landau gauge 
(év — 0) and Feynman gauge (éy — 1) are contained in (2.35). There- 
fore, all physical processes should not depend on the parameter £v. 


2.2.4 On the Measurement of sin’ 6, at Low Energies 


The value of the Weinberg angle is not predicted by the Standard 
Model and should be extract from the experimental data. Once we 
have measured Oy (and of course, e) the value of the SU(2); and U(1)y 
coupling constants are determined via (2.22). 


At low energies the value of sin? ôw can be obtained from different 
reactions. For instance: 


e The cross section for elastic neutrino—lepton scattering 


Vu Vu 
D, +e > Vate, 


which involve a t-channel Z° exchange is given by 


GZM. E, z 2 l,o : 
= — | (9f- + oo) +z (9% F 9%) 


j 2T 3 


The vector and axial couplings of the electron to the Z are given by 


(2.23) and (2.24), 
1 1 
gv = —5 + 2 sin Ow ; ii, 
and depend on the sin? 0w. For ve reaction we should make the substi- 
tution gy, — (gy.4 + 1) since in this case there is also a W exchange 
contribution. When the ratio o(v,e)/o(,e) is measured the systematic 
uncertainties cancel out and yields sin? Oy = 0.221 + 0.008 [BQ]. 


e Deep inelastic neutrino scattering from isoscalar targets (N). The 
ratio between the neutral (NVC) and charged (CC) current cross sections 
oX°[v(V)N] 


POS EN: 
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depends on the sin? Oy as 
1 . 2 5 so 
Rio = sin” Oy + gl! + r(1/r)] sin* Oy , 
with r = 0©°(DN)/o°°(vN) = 0.44. The measurement of these reactions 


yields sin? Oy = 0.226 + 0.004 [BQ]. 


e Atomic parity violation. The Z° mediated electron—nucleus inter- 
action in cesium, thallium, lead and bismuth can be described by the 
interaction Hamiltonian, 


Gr 
H = —= : 
z3 VW 75 Pme 


with Qw being the “weak charge” that depends on the Weinberg angle, 
Qw © Z(1—4sin? Ow) -N , 


where Z(N) is the number of protons (neutrons). This measurement 
furnishes sin? Oy = 0.220 + 0.003 [BQ]. 


Nevertheless, the most precise measurements of the Weinberg an- 
gle are obtained at high energies, for instance in electron—positron col- 
lisions at the Z pole (see section B.J). 


2.2.5 On the Lepton Mass 


Note that the charged lepton is still massless, since 
Me ll = Mo (Ur li + Ur Un), 


mixes L and À components and breaks gauge invariance. A way to 
give mass in a gauge invariant way is via the Yukawa coupling of the 
leptons with the Higgs field (2.28), that is, 





Lx = —Ge[R (®t L) + (Lo) R] 
= (v+H) |, VL ay 0 
= -Ge V3 Ç (0 1) ( l; ) + (Vz, er) ( 1 ) en 
Gev = Gy > 
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Thus, we can identify the charged lepton mass, 


_ Gru 
V2 


Me (2.37) 


We notice that this procedure is able to generate a mass term for 
the fermion in a gauge invariant way. However, it does not specify the 
value of the mass since the Yukawa constant G; introduced in (2.36) is 
arbitrary. 


As a consequence, we obtain the Higgs-lepton coupling with strength, 


Me 


— |, (2.38) 
v 


Con = 


which is a precise prediction of the Standard Model that should also be 
checked experimentally. 


2.2.6 On the Cross Sections ete” — WW- 


A very interesting example on how the Standard Model is able to 
improve the unitarity behavior of the cross sections is provided by the 
ete. — WtW- processes, which is presented in Fig. 5. 


The first two diagrams are the t—channel neutrino exchange, sim- 
ilar to the contribution of Fig. 1, and the s—channel photon exchange. 
Both of them are present in any theory containing charged interme- 
diate vector boson. However, the Standard Model introduces two new 
contributions: the neutral current contribution (Z exchange) and the 
Higgs boson exchange (H). 


The leading p—wave divergence of the neutrino diagram, which is 
proportional to s, is analogous to the one found in the reaction vi — 
W+W-. However, in this case it is exactly canceled by the sum of the 
contributions of the photon (A) and the Z. This delicate canceling is a 
direct consequence of the gauge structure of the theory [PE]. 
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r W+ 
neutrino photon Z boson 
e W- 
roi 
e+ W+ 
H boson 


Fig. 5: Feynman diagram for the reaction ete — WTW.. 


However, the s—wave scattering amplitude is proportional to (mp \/s) 
and, therefore, is also divergent at high energies. This remaining di- 
vergence is canceled by the Higgs exchange diagram. Therefore, the 
existence of a scalar boson, that gives rise to a s-wave contribution and 
couples proportionally to the fermion mass, is an essential ingredient 
of the theory. In Quigg’s words [fi], 


“If the Higgs boson did not exist, we should have to invent 
something very much like it.” 
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2.3 Introducing the Quarks 


In order to introduce the strong interacting particles in the Stan- 
dard Model we shall first examine what happens with the hadronic 
neutral current when the Cabibbo angle (I. is taken into account. We 
can write the hadronic neutral current in terms of the quarks u and d’, 


JÉ(O) = ayl- yji td- 75)d' 
= (1 — ys}u + cos’ ĝo dyall — ys)d + sin? 0c y, (1 — y5)s 
+ cosc sin dc [dy (1 — ¥5)8 + 8y,(1 — 75)d] ; 
We should notice that the last term generates flavor changing neutral 
currents (FCNC), i.e. transitions like d + 5 + d + s, with the same 
strength of the usual weak interaction. However, the observed FCNC 


processes are extremely small. For instance, the branching ratio of 
charged kaons decaying via charged current is, 


BR (Ki — WT — uv) ~ 63.5% , 


while process involving FCNC are very small [BJ]: 


BR(KiL arty) = 42x10", 


Us ud 
BR(K% — uh) 7.2 x 107°. 


K 


In 1970, Glashow, Iliopoulos, and Maiani proposed the GIM mecha- 
nism [72]. They consider a fourth quark flavor, the charm (c), already 
introduced by Bjorken and Glashow in 1963. This extra quark com- 
pletes the symmetry between quarks (u, d, c, and s) and leptons (ve, e, 
v,, and u) and suggests the introduction of the weak doublets 


amS u 7 u 
V = d jJ; \ cosôcd+sinðcs j,” 


Le C 


C 
Le - oe (2.39) 


and the right-handed quark singlets, 


Re à Rp Re > Re. (2.40) 


55 


Notice that now all particles, i.e. the 7; = +1/2 fields, have also the 
right components to enable a mass term for them. 


In order to introduce the quarks in the Standard Model, we should 
start, just like in the leptonic case (2-10), from the free massless Dirac 
Lagrangian for the quarks, 


Lie = Lui 9 Lo + Loi plo 
+Ryi@Ry+---+RoidRe. (2.41) 


We should now introduce the gauge bosons interaction via the co- 
variant derivatives (2.T1) with the quark hypercharges determined by 
the Gell-Mann-Nishijima relation (2.8), in such a way that the up-type 
quark charge is +2/3 and the down-type —1/3, 


Y =-, Yp=s, Yp=--- (2.42) 


Therefore, the charged weak couplings quark—gauge bosons, is given 
by, 





(+) 


CE js g 
L aae = 2/2 lay" (1 =Z ys)d + cy” (1 — ys)s] Wr + h.e. . (2.43) 


On the other hand, the neutral current receives a new contribution 
proportional to 


Call = ye)e+ 3 Yu(1 — 5) 2 
and becomes diagonal in the quarks flavors, since the inconvenient 


terms of J/(0) cancels out, avoiding the phenomenological problem 


with the FCNC. For instance, for the process K’ — pt+y~, the GIM 
mechanism introduces a new box contribution containing the c-quark 
that cancels most of the u—box contribution and gives a result in agree- 
ment with experiment [P7]. 


Finally, the neutral current interaction of the quarks become, 


0 g > 
C= ae SS dav (9t — 9478)b0 Zu, (2.44) 
au, ,c 


with the vector and axial couplings for the quarks given by (2-25) and 


(2.24), for i = q. 
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2.3.1 On Anomaly Cancellation 


In field theory, some loop corrections can violate a classical local 
conservation law, derived from gauge invariance via Noether’s theorem 
The so-called anomaly is a disaster since it breaks Ward—Takahashi 
identities and invalidate the proofs of renormalizability. The vanishing 
of the anomalies is so important that have been used as a guide for 
constructing realistic theories. 


Let us consider a generic theory with Lagrangian 
Lin = —g (RY TE R+ Ly" Te L) Ve, 


where T? are the generators in the right (+) and left (—) representation 


of the matter fields, and V; are the gauge bosons. This theory will be 
anomaly free if 





APE AP ode So, 


where A% is given by the following trace of generators 





Af = Te (TE TENTE] . 




















In a V — A gauge theory like the Standard Model, the only possible 
anomalies come from VV A triangle loops, i.e. loops with two vectors 
and one axial vertex and are proportional to: 


Suoro 2. “Tela yer a le) «Ss 
Ua); Tey?) ee So ye, 
ferm. 


Remembering the value of the hypercharge of the leptons @.13) and 
quarks (2-42), we can write for the SU(2)’U(1) case, 


aa- Y=- -1+3 (3)| =0, 


doub. 
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and for the U(1)? case, 


A™ «x So Y-Y? = fors 


ferm 











f 1)? + (—1)3 +3 


where the 3 colors of the quarks were taken into account. 


This shows that the Standard Model is free from anomalies if the 
fermions appears in complete multiplets, with the general structure: 


Ve u d 
e Pi ER ; d . UR ; R ; 


that should be repeated always respecting this same structure: 


(PAUSE 
u A R ; sj,’ R ; Re > 


The discovery of the 7 lepton in 1975 I[J, and of a fifth quark fla- 
vor, the b I[J], two years later, were the evidence for a third fermion 


generation, 
Vr t ) 
> TR ; İR, be) . 
{( g ), ( ae 


The existence of complete generations, with no missing partner, is 
essential for the vanishing of anomalies. This was a compelling the- 
oretical argument in favor of the existence of a top quark before its 
discovery in 1995 [87, Bal. 





2.3.2 The Quark Masses 


In order to generate mass for both the up (U; = u, c, and t) and down 
(D, = d, s, and b) quarks, we need a Y = —1 Higgs doublet. Defining 
the conjugate doublet Higgs as, 


X o% 
é-ing-( ). (2.45) 
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we can write the Yukawa Lagrangian for three generations of quarks 
as, 


3 


i, =- D lay Rv, (čil) + GP Rp, (#'L,)| +h.c.. (2.46) 
i,j=l 


From the vacuum expectation values of ® and & doublets, we obtain 
the mass terms for the up 


u 
(u', c,t})r MY | œ + h.c., 


t A 
and down quarks 
(d’, s', DRM? | 3 + h.c., 
bjii 


with the non-diagonal matrices MED = (v/V?) Ga, 
The weak eigenstates (q’) are linear superposition of the mass eigen- 
states (q) given by the unitary transformations: 


u’ u d' d 

c = UL R C 5 3! = Di,r S 3 
1 1 

t L,R t L,R b L,R b L,R 


where U(D)z r are unitary matrices to preserve the form of the kinetic 
terms of the quarks (Q.41). These matrices diagonalize the mass ma- 
trices, i.e., 


Mu 0 0 

UR MU; = 0 m 0 
0 0 m 

Ma 0 0 

Dr MPD; = 0 m, 0 
0 0 Mb 
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The (V — A) charged weak current (2.43), for three generations, will 
be proportional to 


d' d 
(u/, c, VE Vu s’ = (u, C, t)z (U} Dz) Vu S ’ 
b L b L 


with the generation mixing of the mass eigenstates (q) described by: 
V = (Ul Dz). 


On the other hand, for the neutral current of the quarks (2.44), now 
becomes, 


/ 


u u 
(u, Cy UE Ya c = (u, c, t): (UlU;) ii c 
tji tji 


We can notice that there is no mixing in the neutral sector (FCNC) 
since the matrix U; is unitary: U}U, = 1. 


The quark mixing, by convention, is restricted to the down quarks, 
that is with T} = —1/2, 


d! 
s' =V S 
b' b 


L L 


V is the Cabibbo-Kobayashi-Maskawa matrix [61] [74], that can be 
parametrized as 


V = R1(023) Ro(A13, ô13)R3(012) , 
where R;(0;,) are rotation matrices around the axis i, the angle 6,;, de- 
scribes the mixing of the generations j and k and 0,3 is a phase. 


We should notice that, for three generations, it is not always possi- 
ble to choose the V matrix to be real, that is 6,3 = 0, and therefore the 
weak interaction can violate CP and T []. 


ÎThe violation of CP can also occur in the interaction of scalar bosons, when we 
have two or more scalar doublets. For a review see Ref. pa. 
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The Cabibbo—Kobayashi—Maskawa matrix can be written as 

—i013 

C12C13 S12C13 S13 € 
iô i5 

V= —812C23 — C12823813 €! C19C93 — 812823813 €"! S23C13 | 


1613 


iô 
3128923 — C12C23813 € —C12893 — 8312023813 EU Co3C13 


where 5;;(c;;) = sin(cos)6;j7. Notice that, in the limit of 43 = 013 — 0, we 
associate 012 — 0c, the Cabibbo angle (1.7), and 


C2 S12 O0 
V = —S12 C12 0 
0 0 1 


Using unitarity constraints and assuming only three generations 
the experimental value for the elements of the matrix V, with 90% of 
C.L., can be extract from weak quark decays and from deep inelastic 
neutrino scattering [BJ], 


0.9742 — 0.9757 0.219 — 0226 0.002 — 0.005 
V= 0.219 — 0.225 0.9734 — 09749 0.037 — 0.043 
0.004 — 0.014 0.035 — 0.043 0.9990 — 0.9993 


2.4 The Standard Model Lagrangian 


We end this chapter giving a birds’ eye view of the Standard Model, 
putting all terms together and writing the whole Lagrangian in a sche- 
matic way. 


Gauge-boson + Scalar 


The gauge-boson (2-9) and the scalar @-29) Lagrangians give rise 
to the free Lagrangian for the photon, W, Z, and the Higgs boson. Be- 
sides that, they generate triple and quartic couplings among the vector 
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bosons and also couplings involving the Higgs boson: 


L aige + Lassies = (2.47) 
1 „ 1 a B 

— gfeF" -3 WaW" + MyW W" 
1 1 


1 
— glm" + MZZ" + 50 HÔO'H — Mu” 


+ [wtw-4]+[wtw-Z] 

+ [w+w-AA]+[wtw-22]+|w+w-Az]+[wtw-w+w-| 
+ [HHH)+[HHHH 

+ [wtw-H|+[WtW-HH]+[22H]+|[ZZHH]. 


The vector-boson self-couplings that appear in (2.41) are strictly 
constrained by the SU(2); ® U(1)y gauge invariance and any small 
deviation from the Standard Model predictions would destroy, for in- 
stance, the precise cancellation of the high-energy behavior between 
the various diagrams, giving rise to an anomalous growth of the cross 
section with energy. Therefore, the careful study of the vector—boson 
self-interactions is a important test of the Standard Model (see M. E. 
Pol, these Proceedings). 











Leptons + Yukawa 


The leptonic (2.14) and the Yukawa (2.36) Lagrangians are respon- 
sible for the lepton free Lagrangian and for the couplings with the 
gauge bosons: photon (QED interaction), W (charged weak current) 
and Z (neutral weak current). The mass terms are generated by the 
Yukawa interaction which also gives rise to the coupling of the massive 
lepton with the Higgs boson: 


Lieptôns + ir = (2.48) 
X Li d—mjl+ XO mi Due 
L=e, [4,7 Ve=Ve Vy Vr 


+ [Een]. 
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Even if the neutrinos have mass, as seems to suggest the recent 
experimental results [P9, [00], their Dirac mass terms could be incor- 
porated in the framework of the Standard Model without any difficulty. 
The procedure would be similar to the one that lead to the quark mass 
terms, that is, introducing a right-handed component of the neutrino 
and a Yukawa coupling with the conjugate Higgs doublet (2-45). One 
may notice, however, than being electrically neutral neutrinos may also 
have a Majorana mass which violates lepton number. The simultane- 
ous existence of both type of mass terms, Dirac and Majorana, can be 
used to explain the smallness of the neutrino mass as compared to the 
charged leptons via the so called see-saw mechanism [0J]. 


Quarks + Yukawa 


The quark Lagrangian (2.41) and the corresponding Yukawa inter- 
action (2-46) give rise to the free Dirac term and to the electromagnetic 
and weak interaction of the quarks. A quark—Higgs coupling is also 
generated, 


Lauarks + jean ZE (2.49) 
` qli Ø — m)q 
q=u, = t 
+ 


Besides the propagators and couplings presented above, in a gen- 
eral Re gauge, we should also take into account the contribution of the 
Goldstone bosons and of the ghosts. The Faddeev—Popov ghosts [q] 
are important to cancel the contribution of the unphysical (timelike 
and longitudinal) degrees of freedom of the gauge bosons. 





A practical guide to derive the Feynman rules for the vertex and 
propagators can be found, for instance, in Ref. [J], where the complete 
set of rules for the Standard Model is presented. 
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Chapter 3 


Beyond the Trees 


3.1 Radiative Corrections to the Standard 
Model 


It was shown that the Standard Model is a renormalizable field the- 
ory. This means that when we go beyond the tree level (Born approx- 
imation) we are still able to make definite predictions for observables. 
The general procedure to evaluate these quantities at the quantum 
level is to collect and evaluate all the loop diagrams up to a certain 
level. Many of these contributions are ultraviolet divergent and a con- 
venient regularization method (e.g. dimensional regularization) should 
be used to isolate the divergent parts. These divergences are absorbed 
in the bare couplings and masses of the theory. Assuming a renormal- 
ization condition (e.g. on-shell or MS scheme), we can evaluate all the 
counterterms. After all these ingredients are put together we are able 
to obtain finite results for S-matrix elements that can be translated in, 
for instance, cross sections and decay widths. The predictions of the 
Standard Model for several observables are obtained and can be com- 
pared with the experimental results for these quantities enabling the 
theory to be falsified (in the Popperian sense). 


The subject of renormalization is very cumbersome and deserves a 
whole course by itself. Here we want to give just the minimum neces- 
sary tools to enable the reader to appreciate the astonishing agreement 
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of the Standard Model, even at the quantum level, with the recent ex- 
perimental results. Very good accounts of the electroweak radiative 
corrections can be found elsewhere [[I04, p03, [04]. 


Let us start considering the Standard Model Lagrangian which is 
given by the sum of the contributions (2.47), (2.48), and @.49). The 
Lsm is a function of coupling constants g and g’ and of the vacuum 
expectation value of the Higgs field, v. The observables can be deter- 
mined in terms of these parameters and any possible dependence on 
other quantities like My or m, appears just through radiative correc- 
tions. 

Therefore, we need three precisely known observables in order to 
determine the basic input parameters of the model. A natural choice 
will be the most well measured quantities, like, e.g.: 


e The electromagnetic fine structure constant that can be extracted, 
for instance, from the electron ge — 2 or from the quantum Hall 
effect, 

a(0) = 1/137.0359895(61) ; 
e The Fermi constant measured from the muon lifetime, 
Gr(u) = 1.16639(1) x 10-° GeV? : 
e The Z boson mass that was obtained by LEP at the Z pole, 


Mz = 91.1867(21) GeV . 


These input parameters can be written, at tree level, in terms of just g, 
g' and v as 


S 
ao) = 22. 








Gr = ; (3.1) 


2 
Me a. 
Ww 
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where the subscript 0 indicates that these relations are valid at tree 
level, and 


12 2 
g 


g? + g'? ? 





sw 


depend only on g and g/: 


3.1.1 One Loop Calculations 


Let us write the vacuum polarization amplitude (self-energy) for 
vector bosons (a,b = y, W, Z) as 


IE (4°) = g” Hala’) + (q”q” terms) . 


The terms proportional to q”q” can be dropped since these ampli- 
tudes should be plugged in conserved fermion currents, and from the 
Dirac equation, they will give rise to terms that goes with the external 
fermion mass that can be neglected in the usual experimental situa- 
tion. 


We can summarize the relevant quantities for the loop corrections 


of the Standard Model [[I09]: 


e The vector and axial form factors of the Z° coupling, at q? = Mż, 
which include both the vertex and the fermion self—energy radia- 
tive corrections. From (2.21) we can write 


: g 
Ve = —i 
“fs 2 cos Oy 


where (2.23) and (2.24) now are given by 
a = yp (a —2 Ky Q, sin? Ow) : 
g, = VpTi. (3.2) 


which define the relative strength of the neutral and charged cur- 
rents, p, and the coefficient of the sin? 0w, xs. Notice that at tree 
level, p= Ky = 1. 


byy"(gt — 9h WF, 





66 


e Correction to decay amplitude at q? = 0, which includes the box 
(B), vertex (V) and the fermion self—energy corrections 


Mu) = —i GiB, v) [dev — Yve] [Yi — ys) bu] - 


We can write the corrections to the input parameters as, 


a = agot+da, 
Mz = Mz,+6Mz, (3.3) 
Gr = Gr +0Gr, 


where, in terms of the vacuum polarization amplitude, and ôG;g,v) the 
corrections become 





da o SW IL,z(0) 

ey E —IIy,(0) on cw M2 ; 
M3 M; | 
Gr _ Ilww(0) , Gay 

Gr M2, Cr 


Correction to the Derived Observables 


From the corrections to the input parameters we can estimate the 
radiative corrections to the derived observables. Let us write the tree 
level input variables ao, Grm, and Mz, as Ti. When we compute the 
radiative correction to the input parameters 7}, we have 

Ty — TT) = T+ ôT (To). 
The relation for the renormalized input variables, Z', can be inverted 
to write Ti = Zi(TZ’). 

The same holds true for any derived observable (©) or any S—matrix 
element, that is, 

OT) = Off) +O 
= OlT — ôT’) +dO(L' — ôT’) 


= (T) — ET + 5O(T) 
= O(2)+A0(L). (3.5) 
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At one loop it is enough to renormalize just the input variables 7°. How- 
ever, at two loops it is necessary also to renormalize all other parame- 
ters that intervene at one loop level like m, and My. 


As an example, let us compute the radiative correction to the W 
boson mass. At tree level My is given by [see @.3])] 


Mn = wM - 
Writing cj, in terms of the input variables, we have 


oy = (1— 5%) = h- (2) 7 (rx) | 


Solving for cj, we get 














ee 1 Ara ue 2 
My (2) =< = }1+ (1 — z) M; . 
Taking into account the derivatives, 
OM sivew Mz 
da 8 à ” 
3Min _ swe Mz 
OG rp Sy = Ge Gr | 
ƏM _ cw 
ðM} — 8, — ee 


We obtain from (B.J) the My correction 
ð 





, M? ; , 
My = MyfT)- D. ôT’ + 5M2,(T') 


2 772 2 
S ae cw Mz 2 ÔQ 2 ÔGF > 0M; 2 
= Cw Mz — Gone. (32 EN ag ue + 0My ; 


with 


ôM, = ww (Mẹ) . 
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3.2 The Z boson Physics 


3.2.1 Introduction 


The most important experimental tests of the Standard Model in 
this decade was performed at the Z pole. The four LEP Collaborations 
(Aleph, Delphi, L3, and Opal){ff0ä] and the SLAC SLD Collaboration 
studied the reaction, 


ete ff}, 


The main purpose of these experiments was to test the Standard Model 
at the level of its quantum corrections and also to try to obtain some 
hint on the top quark mass and on the Higgs boson. 


ADEVA 90 PL 247B, 473 





RE E+E- —--> MU+ MU- (CAMMA 


t 


SIG IN NB 
> 
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Fig. 6: The Z profile measured by the L3 Collab. [0J] 


At CERN, after scanning the Z resonance (see Fig. 6), data were 
collected at the Z peak, and around 17 millions of Z’s were produced 
and studied. 
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The shape of the resonance is characterised by the cross section for 
the fermion pair (f f) production at the Z peak, 


re 


oO = 
2 2? 
ff M2 r3 





where the position of the peak gives the value Mz = 91186.7 + 2.1 MeV, 
the full width at half maximum (FWHM) represents the Z width, rz = 
2493.9 + 2.4 MeV, and the height of the peak gives the value of the total 
cross section for f f production, 0! F 

For the analysis of the Z physics it is necessary to choose the input 
parameters at the appropriate scale, Mz. The relative uncertainty of 
the input parameters are: 


Parameter Value Uncertainty 
mi 174.3 + 5.1 GeV 2.9 % 
as (M2) [05 0.119 + 0.002 1.7 % 
a~*(M3) (009, [TN 128.878 + 0.090 0.07 % 
Mz [O5] 91186.7 + 2.1 MeV 0.0023 % 
Gr(u) IBA (1.16639 + 0.00001) x 105 GeV-? 0.00086 % 


Table I: Relative uncertainty of the input parameters. 


For the Higgs boson mass we just have available a lower bound of My > 
95.2 GeV at 95% of C.L. [TI]. 


Notice that, in spite of the very precise measurement of the electro- 
magnetic structure constant at low energy, which has a relative uncer- 
tainty of just 0.0000045 %, its value at Mz is much less precise. This 
uncertainty arises from the contribution of light quarks to the vacuum 
polarization. The evolution of a is given by 


a(0) 





(3.6) 
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where 
Aa = As + AQhad + Atop : 


The top quark contribution is proportional to 1/m? ~ 107. The contri- 
butions from leptons (¢) [TO] and light quarks (q) [OI] are: 


Adiep = 0.031498, 


Adhaa —(0.02804 + 0.00065) . (3.7) 


where the error in Aa, is negligible. Therefore, the loss of precision 
comes from Aa), due to non—perturbative QCD effects that are large 
at low energies and to the imprecision in the light quark masses. 


Other important pure QED corrections are the initial and final state 
photon radiation. The initial state radiation is taken into account by 
convoluting the cross section with the radiator function H(k), 


à = | "dk H(k)ools(1 — k)) , 


where kmax represents a cut in the maximum radiated energy. The 
radiator function takes into account virtual and real photon emissions 
and includes soft photon resummation [TJ]. 


The final state radiation is included by multiplying the bare cross 
sections and widths by the QED correction factor, 


3aQ? 
(: + <=) ~ (1+ 0.002 Q?) . 


where Q; is the fermion charge. 


3.2.2 The Standard Model Parameters 


We present in the following sections the Standard Model predictions 
for some observables. We compare these predictions with the values 
measured by the CERN LEP and at the SLAC SLD Collaborations, 
and stress the very impressive agreement between them. 
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Z Partial Widths 
The Z width into a fermion pair, at tree level, is given in the Stan- 
dard Model by, 


GrM3 
6/20 


where C refers to the fermion color, i.e., 





nz > ff) = CFS lah)? + (oh) | (3.8) 


C= 1, for leptons , 
— | 3[1+a.(Mz)/T + 1.409a2(Mz)/7? +---] , for quarks . 


where the QCD corrections were included for quarks. At loop level we 
should consider the modifications to gl and gh and the appropriate 
QED corrections discussed in the last section. 


The value of the partial width for the different fermion flavors are 


ff Pair Partial Width 
Vv 167.25 MeV 
ete” 84.01 MeV 
uu 300.30 MeV 
dd 383.10 MeV 
bb 376.00 MeV 


Table II: Z — ff partial widths. 


The experimental results for the partial widths are [[I05], 


Ty = I(Z — 4+) = 83.90 + 0.10 MeV, 
Thad = T(Z — hadrons) = 1742.3 + 2.3 MeV, 
Trz = T(Z > all) = 2493.9 + 2.4 MeV, 
Tin = rz- 3T; -— Thha = 500.141.9 GeV, 


where we assume three leptonic channels (ete , ppt, and rtr), and 
Tiny is the invisible Z width. 
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Number of Neutrino Species 


We can extract information on the number of light neutrino species 
by supposing that they are responsible for the invisible width, i.e. Pin, = 
N,T,. The LEP data [05] gives the ratio of the invisible and leptonic 
Z partial widths, [i,,/l, = 5.961 + 0.023. On the other hand, Stan- 
dard Model predicts the (T,/LT¿)sm = 1.991 + 0.001, where the error is 
associated to the variation of m, and M. In the ratio of these two 
expressions, I’, cancels out and yields the number of neutrino species, 


N, = 2.994 + 0.011 , 


where N, represents the total number of neutrino flavors that are ac- 
cessible kinematically to the Z, that is M, < Mz/2. This result in- 
dicates that, if the observed pattern of the first three generations is 
assumed, then we have only these families of fermions in nature. 


Radiative Corrections Beyond QED 


An important question to be asked when comparing the Standard 
Model predictions with experimental data is if the effect of pure weak 
radiative correction could indeed be measured. This question can be 
answered by looking, for instance, at the plot of sin? beg x l'y (Fig. 7), 
where I’; is given by (8.9) and, 


1 £ 
sin? fer = — ( - a) = 0.23157 + 0.00018 . 
4 94 


The point at the lower-left corner shows the prediction when only 
the QED (photon vacuum polarization) correction is included and the 
respective variation for a(Mż) varying by one standard deviation. The 
Standard Model prediction, with the full (QED + weak) radiative cor- 
rection, is represented by the band that reflects the dependence on the 
Higgs (95 GeV < My; < 1000 GeV) and on the top mass (169.2 GeV 
< m, < 179.4 GeV). We notice that the presence of genuine electroweak 
correction is quite evident. 
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m= 174.3 + 5.1 GeV 
m= 95...1000 GeV 





Preliminary 
83.6 83.8 84 84.2 
T, [MeV] 


Fig. 7: LEP + SLD measurements of sin” 0.¢ and l',, compared 
to the Standard Model prediction [NT3]. 


Another important evidence for pure electroweak correction comes 
from the radiative correction Arw to the relation between My and Gr, 


Mi \ Mv ra(Mÿ) 
E E E ao 
Mz] Mz V2GrM2(1 = Arw) 

where a(M5) is given by (5.6), and therefore, the effect of the running 
of a was subtracted in the definition of Arw. Taking into account the 
value measured at LEP and Tevatron, Mw = 80.394 + 0.042 GeV, we 
have [104]: (Ar)ÿ = —0.02507 + 0.00259. Thus, the correction rep- 
resenting only the electroweak contribution, not associated with the 
running of a, is ~ 10 o different from zero. 
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ds ghs and the Lepton Universality 


The partial Z width in the different lepton flavors is able to provide 
a very important information on the universality of the electroweak 
interactions. The values of gf, and g‘, can be plotted for £ = e, u and 7. 


Preliminary 





68% CL 
-0.503 -0.502 -0.501 -0.5 


da 


Fig. 8: 68% C.L. contours in the gf, x g' plane. The solid line 
is a fit assuming lepton universality. The band corresponds to 


the SLD result from Arr (5.12) measurements [MIJ]. 


The result present in Fig. 8 shows that the measurements of gf, x gl 
are consistent with the hypothesis that the electroweak interaction is 
universal and yields 


gi, = —0.03703 + 0.00068 , g% = —0.50105 + 0.00030 . 
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Notice that the value of g‘, disagrees with the Born prediction of —0.5 
(2.24) by 3.5 o. However they are in very good agreement with the 
Standard Model values [BQ]: (gj-)° = —0.0397 + 0.0003 and (g4)™ = 
—0.5064 + 0.0001. This is another important evidence of the weak radia- 
tive corrections. 


Asymmetries 


Since parity violation comes from the difference between the right 
and left couplings of the Z° to fermions, it is convenient to define the 
combination of the vector and axial couplings of the fermions as 


Lag 

A l y (3.10) 
(gy)? + (g4)° 

The events ete” — f*f can be characterized by the momentum 
direction of the emitted fermion. We say that the final state fermion 
(fT) travels forward (F) or backward (B) with respect to the electron 
(e7) beam. Therefore, we can define the forward—backward asymmetry 
by 


and at the Z pole, this asymmetry is given by 


3 
Ayd = qAeAs : (3.11) 


The measurement of AS for charged leptons, and c and b quarks 
give us information only on the product of A, and Ay. On the other 
hand, the measurement of the 7 lepton polarization is able to determine 
the values of A, and A, separately. The longitudinal 7 polarization is 
defined as 


_ OR—OL 


A= 





1 
OR +OL 
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where c priz) is the cross section for tau-lepton pair production of a right 
(left) handed 7~. At the Z pole, P, can be written in terms of scattering 
(e-,7 ) angle 6 as, 


A, (1 + cos? 6) + 24, cos 0 


nn 1 + cos? 0 + 2A,A, cos 0 


This yields [05] 
Ae = 0.1479 + 0.0051 , À, = 0.1431 + 0.0045 , 


which are in agreement with the lepton universality (A; = 0.1469 + 
0.0027). They are also in agreement with the Standard Model predic- 
tion: AŞM = 0.1475 + 0.0013. 


This result can be used to extract information on the heavy quark 
couplings: A, = 0.646 + 0.043 and A, = 0.899 + 0.025, which should be 
compared with the Standard Model values of A®M = 0.6679 + 0.0006 and 
ASM = 0.9348 + 0.0001. 


Another interesting asymmetry that can be measured by SLD is the 
left-right cross section asymmetry, 
ALR = IL IR , (3.12) 
OL + OR 
where ozr) is the cross section for (left—) right-handed incident elec- 
tron with the positron kept unpolarized. Since, at the Z pole, Arr = 
Ae, we can get the best measurement of the electron couplings: A, = 
0.1510 + 0.0025 (see Fig. 8). 


Higgs Mass Sensitivity 


In order to give an idea of the sensitivity of the different electroweak 
observables to the Higgs boson mass, we compare in Fig. 9 the experi- 
mental values with the the Standard Model theoretical predictions, as 
a function of My. 


The vertical band represents the experimental measurement with 
the respective error. The theoretical prediction includes the errors in 
a( M2), from Aanaa BD, as( M2), and m, (see Table I). 
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Fig. 9: LEP measurements compared with the Standard 
Model predictions, as a function of My IMIJI. 
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In this figure o? is the hadronic cross section at the Z pole, R; = 
(Thaa/Te). AG is defined in (5.11) and A; in BTO). < Qrg > is the 
average charge, which is related to the forward—backward asymmetries 
by 





ips 
< QFB >= ) dq Ale r ; 
F adr 


where 6, is the average charge difference between the q and q hemi- 
spheres. For the sake of comparison Ae, extracted by SLD from A;r 
(B.12), is also shown. We can see from Fig. 9 that dependence on 
the Higgs mass varying in the range 95 GeV < My < 1000 GeV is 
quite mild for all the observables, since the Higgs effect enters only via 
log(M7,/M2) factors. 





Preliminary 


10 10° 10 
m,, [GeV] 


Fig. 10: Ax? = x? — X°,, as a function of My [TO IN. 
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However we can extract information on My from the global fit in- 
cluding all data on the different observables. In Fig. 10 we show the 
plot of Ay? = x? — x2, versus My. The left vertical band represents 
the excluded region due to the direct search for the Higgs (Mn ~ 95 
GeV). The band represents an estimate of the theoretical error due to 
missing higher order corrections. The global fit results in My = 91797 
GeV. 








Measurement Pull Pull 
3210123 

m, [GeV] 91.1871+0.0021  .08 
T, [GeV]  2.4944+0.0024  -.56 = 
Crag ND] 41.544+0.037 1.75 =m 
R, 20.768 + 0.024 1.16 = 
ASe 0.01701 + 0.00095 .80 = 
A, 0.1483+0.0051  .21 j 
A, 0.1425 + 0.0044 -1.07 = 
sin’ Pt 0.2321 +0.0010  .60 = 
My [GeV] 80.350+0.056  -.62 = 
R, 0.21642+0.00073  .81 = 
R, 0.1674 + 0.0038 -1.27 — 

i 0.0988 +0.0020 -2.20 mmmmmm 

4 0.0692 + 0.0037 -1.23 == 
A, 0.911 +0.025  -95 = 
A, 0.630+0.026 -1.46 = 
sin*ecP' 0.23099 + 0.00026 -1.95 — 
sin’, 0.2255+0.0021 1.13 == 
my [GeV] 80.448+0.062 1.02 == 
m, [GeV] 174.3 45.1 .22 1 
Aa! (m) 0.02804 +0.00065 -.05 
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Fig. 11: Comparison of the precision electroweak 
measurements with the Standard Model predictions [FIJ]. 


As a final comparison, we present in Fig. 11 a list of several elec- 
troweak observables. The experimental values are compared with the 
Standard Model theoretical predictions. The Pull = (Omeas — Ost) /Omeas> 
represents the number of standard deviations that separate the central 
values. This results show an impressive agreement with the Standard 
Model expectations. 
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Chapter 4 


The Higgs Boson Physics 


4.1 Introduction 


The procedure of generating vector boson masses in a gauge invari- 
ant way requires the introduction of a complex doublet of scalar fields 
(2.25) which corresponds to four degrees of freedom. Three out of these 
are “eaten” by the gauge bosons, Wt, W~, and Z°, and become their 
longitudinal degree of freedom. Therefore, it remains in the physical 
spectrum of the theory the combination 

04 ġo 
CRISE ER ee 


V2 
where v is given by (2.27), and H is the physical Higgs boson field. 
The Higgs boson mass (2-34) can be written as 


5 1/2 
My = V—212? = V2 v = (2) VÀ. (4.1) 
F 


Both Higgs potential parameters, „u? and \, are a priori unknown — 
just their ratio is fixed by the low energy data [see (2.17) and @.3])]. 
Therefore the Standard Model does not provide any direct information 
on the Higgs boson mass. 
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The discovery of this particle is one of the challenges of the high— 
energy colliders. This is the most important missing piece of the Stan- 
dard Model and its experimental verification could furnish very impor- 
tant information on the spontaneous breaking of the electroweak sym- 
metry and on the mechanism for generating fermion masses. The phe- 
nomenology of the Standard Model Higgs boson is covered in great de- 
tail in reference [TA]. Recent review articles include Ref. [T5], (114), 
Ei, HIS. We intend to emphasize here the most relevant proper- 
ties of Higgs particle and make a brief summary of the prospects for its 
search in the near future. 


4.2 Higgs Boson Properties 
The Higgs Couplings 


The Higgs boson couples to all particles that get mass (x v) through 
the spontaneous symmetry breaking of SU(2); ® U(1)y. We collect in 
Table III the intensity of the coupling to the different particles from 


(2.30), E33, (2-36), and (2.46), 


Coupling Intensity 
Aff M;/v 
HWt*W- 2M?,/v 
HZ°Z° M3 /v 
HHW+W- M2, Jv? 
HHZ9Z0 M2 /2v? 
HHH M2 /2v 
HHHH M2, /8v? 


Table III: The Higgs coupling to different particles. 


From the results of Table III it becomes evident that the Higgs cou- 
ples proportionally to the particle masses. Therefore we can establish 
two general principles that should guide the search of the Higgs boson: 
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(i) it will be produced in association with heavy particles; (ii) it will 
decay into the heaviest particles that are accessible kinematically. 


Besides the couplings presented in Table III, the Higgs can also cou- 
ple to yy [ITY], Zy (£20, [ZT] and also to gluons [[24, [ZJ], at one 
loop level. The neutral and weak interacting Higgs boson can interact 
with photons through loops of charged particles that share the weak 
and electromagnetic interactions: leptons, quarks and W boson. In 
the same way the Higgs couples indirectly with the gluons via loops of 
(weak and strong interacting) quarks. 


Bounds on the Higgs Boson Mass 


Since the Higgs boson mass is not predicted by the model we should 
rely on some experimental and theoretical bounds to guide our future 
searches. The most stringent lower bound was recently established by 
the LEP Collaborations [ITT] and read 


My > 95.2 GeV. 


at 95% C.L.. 


It is also possible to obtain a theoretical lower bound on the Higgs 
boson mass based on the stability of the Higgs potential when quantum 
corrections to the classical potential (2.24) are taken into account [[[24]. 
Requiring that the standard electroweak minimum is stable (i.e. the 
vacuum is an absolute minimum) up to the Planck scale, A = 10!° GeV, 
the following bound can be established [[[24]: 


My (in GeV) > 133 + 1.92(m, — 175) — 4.28 (re) | 
0.006 
The behavior of My as a function of the scale A is given in the lower 
curve of Fig. 13, for m, = 175 GeV and a, = 0.118. We see from this 
figure that, if a Higgs boson is discovered with My ~ 100 GeV, it would 
mean that the electroweak vacuum is instable at A ~ 10° GeV f]. 


*Reversing the argument, since we live in a stable vacuum, this means that the 
Standard Model must break down at this same scale. 
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There are also some theoretical upper bounds on the Higgs boson 
mass. À bound can be obtained by requiring that unitarity is not vio- 
lated in the scattering of vector bosons [26]. Let us take as an example 
the WW scattering represented in Fig. 12. 





Fig. 12: Feynman contributions to WW- — WtW-. 


We should notice that if we exclude the Higgs boson contribution by 
taking My — ov, we expect that the remaining amplitudes would even- 
tually violate unitarity, since the theory is not renormalisable without 
the Higgs. Therefore, it is natural to expect that the Higgs mass should 
play an important rôle in high energy behaviour of the scattering am- 
plitudes of longitudinally polarized vector bosons. This is what hap- 
pened for instance in the reaction ete” — W*W_ discussed in section 
E4. 

A convenient way to estimate amplitudes involving longitudinal gau- 
ge bosons is through the use of the Goldstone Boson Equivalence The- 
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orem [[126, 241. This theorem states that at high energies, the ampli- 
tude M for emission or absorption of a longitudinally polarized gauge 
boson is equal to the amplitude for emission or absorption of the corre- 
sponding Goldstone boson, up to terms that fall like 1/E”, i.e., 








M(WÈ, Z?) = M(wt, 2°) + O (Miz /E’) . (4.2) 


We can use an effective Lagrangian approach to describe the Gold- 
stone boson interactions. Starting from the Higgs doublet in terms of 


wt and 2, 
D — a vaut 
_V2\v+H-ix |? 


we can write the Higgs potential as 





v(Diæ) = pta + DD) 


1 g M? 2 
= ` M2 H? CA H H H? 2 oll 0 
zMn Eo ae +2w"w +2) 
2 M2 
+E (H? + 2utw + 29 y? | 
Ww 


Therefore, with the aid of (4.2), the amplitude for W/W, — WF W7 
is obtained as, 


M(WE Wr > WIWE) 


K 


M(wtw7 — wtw) 
g? M2 M2 M2 
nl ne 2 mn 
4 M2, s— M2 t— M2, 
and, at high energies, we have: 
_ $ Mi 


M(wtw — wtw) = —i JM —i 2V2Gr M} . 
Ww 


Therefore, for s-wave, unitarity requires 


1 2 
Ana E a 


167 | 8rv2 


M% <1. 
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When this result is combined with the other possible channels (222, 
2h, hh) it leads to the requirement that À ~ 87/3 or, translated in terms 
of the Higgs mass, 





1/2 

81/2 

Mow ~1TeV. 
H (=) j 


Another way of imposing a bound on the Higgs mass is provided by 
the analysis of the triviality of the Higgs potential [24]. The renor- 
malization group equation, at one loop, for the quartic coupling À is 

dà 1 

dt 16r? 
where t = log(Q?/u?). Therefore, for a pure ¢* potential, i.e., when the 
gauge and Yukawa couplings are neglected, we have the solution 


1 1 3 Q? 
To ean log ak 
Aw) AQ) 4r H 
Since the stability of the Higgs potential requires that \(Q) > 0, we 
can write 


(12°) + (terms involving g, g', Yukawa) , 





z Ar? 
~ 8log(Q?/p?) ’ 
and, for large values of Q?, we can see that \(.) — 0 and the theory be- 


comes trivial, that is, not interacting. The relation @.3), can be written 
as 


Alu) (4.3) 


Tarep l ; 


This result gives rise to a bound in the Higgs boson mass when we 
consider the scale 4° = Mj, and take into account (E.J), 

8r°v° 

2 < M2 EU, 

ocho a 


Therefore, there is a maximum scale Q? = A’, for a given Higgs boson 
mass, up to where the Standard Model theory should be valid. 
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m= 175 GeV 
a= 0.118 


my(GeV) 











logio A(GeV) 


Fig. 13: Perturbative and stability bound on My as a function 
of the scale A, from Ref. IM2J]. 


In Fig. 13, we present the stability bound (lower curve) and the triv- 
iality bound (upper curve) on the Higgs boson mass as a function of the 
scale A. If we expect that the Standard Model is valid up to a given 
scale — let us say Acur ~ 101° GeV [28] — a bound on the Higgs mass 
should lie between both curves, in this case 140 GeV ~ My ~ 180 GeV. 


4.3 Production and Decay Modes 


4.3.1 The Decay Modes of the Higgs Boson 


The possible decay modes of the Higgs boson are essentially deter- 
mined by the value of its mass. In Fig. 14 we present the Higgs branch- 
ing ratio for different My. 


When the Higgs boson mass lies in the range 95 GeV < My < 130 
GeV, the Higgs is quite narrow l'y < 10 MeV and the main branching 
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Fig. 14: The branching ratios of the Higgs boson as a function 
of its mass from Ref. ITN. 


ratios come from the heaviest fermions that are accessible kinemati- 
cally: 


BR(H — bb) ~ 90%, 
BR(H => ct) = BR(H >7Ttr)~ 5%. 


For My = 120 GeV the gluon—gluon channel is important giving a con- 
tribution of ~ 5% of the width. For a heavier Higgs, i.e. My > 130 GeV, 
the vector boson channels H — VV*, with V = W, Z, are dominant, 


BR(H => WWT) ~ 65%, 
BR(H— Z°Z°) ~ 35%. 


For My œ 500 GeV the top quark pair production contributes with ~ 
20% of the width. Note that the BR(H — yy) is always small O(107*). 
However, we can think of some alternative models that give rise to 
larger Hyy couplings (for a review see [29] and references therein). 
For large values of My the Higgs becomes a very wide resonance: Ty ~ 
[My (in TeV)}?/2. 
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4.3.2 Production Mechanisms at Colliders 


Electron-Positron Colliders 


The Higgs boson can be produced in electron—positron collisions via 
the Bjorken mechanism [[[3Q] or vector boson fusion [31], 
(i) Bjorken: et+e —Z—ZH, 
(ii) WW Fusion: et+e —vi(WW) vv H, 


(iii) ZZ Fusion: et +e” > ete (ZZ) sete H. 








At LEPI and II, where ys ~ Mz or 2 Mw the Higgs production is 
dominated by the Bjorken mechanism and they were able to rule out 
from very small Higgs masses up to 95.2 GeV [TJ]. Maybe, when the 
whole analysis is complete, they will be able to rule out up to My ~ 106 
GeV. 


At the future e*e” accelerators, like the Next Linear Collider [32], 
where ys = 500 GeV, the production of a Higgs with 100 < My < 
200 GeV will be dominated by the WW fusion, since its cross section 
behaves like o x log(s/M?,) and therefore dominates at high energies. 
We can expect around 2000 events per year for an integrated luminosity 
of £L = 50 fb !, and the Next Linear Collider should be able to explore 
up to My ~ 350 GeV. 


Hadron Colliders 


At proton-(anti)proton collisions the Higgs boson can be produced 
via the gluon fusion mechanism [[[2Y, [23], through the vector boson 
fusion and in association with a W# ora Z°, 





(i) Gluon fusion: pp — gg —H, 
(ii) VV Fusion: pp — VV >A, 
(iii) Association with V: pp — qq — V H. 
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At the Fermilab Tevatron [33], with vs = 1.8 (2) TeV, the Higgs 
is better produced in association with vector boson and they look for 
the VH(— bb) signature. After the improvement in the luminosity at 
TEV33 they will need £ ~ 10 fb_! to explore up to My ~ 100 GeV with 
50. 


At the CERN Large Hadron Collider [34], that will operate with 
ys = 14 TeV, the dominant production mechanism is through the gluon 
fusion and the best signature will be H — ZZ — A{* for My > 130 GeV. 
For My < 130 GeV they should rely on the small BR(H — yy) ~ 107°. 
We expect that the LHC can explore up to My ~ 700 GeV with an 
integrated luminosity of £ ~ 100 fb™t. 





Once the Higgs boson is discovered it is important to establish with 
precision several of its properties like mass, spin, parity and width. 
The next step would be to search for processes involving multiple Higgs 
production, like VV — HH or gg — HH, which could give some infor- 
mation on the Higgs self-coupling. 
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Chapter 5 


Closing Remarks 


In the last 30 years, we have witnessed the striking success of a 
gauge theory for the electroweak interactions. The Standard Model 
made some new and crucial predictions. The existence of a weak neu- 
tral current and of intermediate vector bosons, with definite relation 
between their masses, were confirmed by the experiments. 


Recently, a set of very precise tests were performed by Tevatron, 
LEP and SLC colliders that were able to reach an accuracy of 0.1% or 
even better, in the measurement of the electroweak parameters. This 
guarantees that even the quantum structure of the model was success- 
fully confronted with the experimental data. It was verified that the 
W and Z couplings to leptons and quarks have exactly the same values 
anticipated by the Standard Model. We already have some strong hints 
that the triple-gauge-boson couplings respect the structure prescribed 
by the SU(2); ® U(1)y gauge symmetry. The Higgs boson, remnant 
of the spontaneous symmetry breaking, has not yet been discovered. 
However, important information, extracted from the global fitting of 
data taking into account the loop effects of the Higgs, assures that this 
particle is just around the corner. The Higgs mass should be less than 
~ 260 GeV at 95% C.L., in full agreement with the theoretical upper 
bounds for the Higgs mass. 


These remarkable achievements let just a small room for the new 
physics beyond the Standard Model. Nevertheless, we still have some 
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conceptual difficulties like the hierarchy problem, that may indicate 
that the explanation provided by the Standard Model should not be 
the end of the story. 


A series of alternative theories — technicolour, grand unified theory, 
supersymmetric extensions, superstrings, extra dimension theories, etc 
— have been proposed, but they all suffer from lack of an experimental 
spark. Nevertheless, the physics beyond the Standard Model is also 
beyond the scope of these lectures... 
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